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” Everything starts somewhere, although many physicists disagree. ”

taken from Terry Pratchett’s ”Hogfather”
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1. Introduction

As an example of transition-metal oxides, perovskites and perovskite-related oxides show a ver-

satile variety of physical properties. These are, for example, ferroelectricity [Bha00, Auc97],

piezoelectricity [Dam05], magnetic ordering [Dag01], heavy-fermion behavior [Bue10], and su-

perconductivity [Fi97, Ima98]. In addition, they commonly yield complex phase diagrams emerg-

ing from electronic correlations [Dag05]. Perovskites and perovskite-related oxides are therefore

highly interesting for scientific studies with the goal of discovery of new compounds yielding in-

teresting properties for application with prospects of, for example, improved performance as well

as reduced size of the electronic component or increased energy efficiency. This could, on the

one hand, improve the quality for application and, on the other hand, it provides the possibility

to substitute already used materials containing rare or environmentally problematic elements by

alternative ones to comply with the law or due to resource-strategy issues.

To explore new and exotic electornic properties and to be able to describe their physics in detail,

usually new compounds are required. The substitution of one or more elements of the perovskites

with the general sum formula ABX3 is one way to influence the physical properties. Another

way is to transform the three-dimensional (3D) perovskite structure to related 2D or even 1D

structures composed of layers or chains, respectively. By this the interatomic exchange interac-

tions are strongly affected and the lower dimensionality is known to be responsible for unusual

magnetic-ordering phenomena. Hence, a close relationship between crystal structure and physical

properties can be observed by slight changes of bond lengths and angles, resulting in a variation

of exchange interactions between the ions, which then triggers the occurrence of a plethora of

magnetic-ordering phenomena.

The cubic perovskite crystal structure can be described as cubic close packing of A and X ions

with B ions occupying one quarter of the octahedral sites. This increases stability of the close

packing against displacement. In Fig. 1.1 the ideal cubic perovskite structure is depicted. The unit

cell is marked by solid lines in the lower left corner. In the general sum formula of perovskites

the A-site cations are typically large alkali metals, alkaline earths, and lanthanides. On the B-site

usually the smaller 3d or 4d (or even 5d) transition-metals are found, which are known to provide

flexibility of their oxidation state. This is also a utile property, since the size of the ions depends

on their valence. On the other hand, different configurations of the electrons in the d orbitals,

which are split into typically two eg and three t2g states in the octahedral crystal field, can lead

to deformations of the local coordination. This is a result of Hund’s rules and the Pauli-repulsion

and is described as Jahn-Teller activity [Jah37]. The X-site is occupied by large anions, which are

typically fluorine, nitrogen, or for this work oxygen with formal oxidation states of minus one,

three, or two, respectively. Also chlorine is a candidate for the X-site, but due to its size it usually

9



1. Introduction

A

O

B

Figure 1.1.: Crystal structure of the ideal perovskite ABO3. Solid lines in the lower left mark the

unit cell. An alternative description of the unit cell where the B-sites are located on the corners is

obtained by a shift of the origin by 1/2 1/2 1/2 of the shown cell. The A-site ions are represented by

turquoise spheres and the oxygen ions by red spheres. The B-site ions are drawn as green spheres and

the corresponding BO6 octahedra are also colored green. It has to remarked that the size of the drawn

spheres does not reflect the real relation between the ionic radii. In the front top row the octahedral

coordination is shown in more detail by grey B–O bonds.

leads to layered structures.

Although the crystal structure appears to be very rigid due to its stability, a certain flexibility is

possible by rotating/tilting of the BO6-octahedra. This effect depends strongly on the geometric

relation of the ionic radii forming the structure, which was described by Goldschmidt [Gol26] as

the ratio t = (rA + rO) /
√

2(rB + rO). This ratio is close to unity for ideal cubic perovskites (e.g.

SrTiO3). When small A-site cations are incorporated (t < 1), the tensional stress leads to rotations

and tiltings [Woo97a, Woo97b] of the octahedra (e.g. CaTiO3). For t > 1 deformations of the

octahedra are found according to Ref. [Jah37] (e.g. BaTiO3). The deviations of bond lengths and

angles from the original 180◦ B–O–B geometry (as shown in Fig. 1.1) as well as a varying number

of valence electrons strongly influence exchange interactions.

Besides the (distorted) perovskites other crystal structures containing perovskite-like building

blocks are known for their versatile physical properties. Especially layered compounds belong-

ing to the Ruddlesden-Popper phases [Rud57, Rud58] or the [110]-phases [Lic01] show a strong

dependence on distortions in the layers as well as on their thicknesses. Commonly a strong

anisotropy of properties parallel and perpendicular to the layering is observed.

The physical effects observed for perovskite materials are typically a result of the interaction
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between neighboring B-site cations since they possess (unpaired) d electrons in the valence shell

in contrast to the A-site ions. These have either empty valence states like the alkali metals and

the alkaline earths or, in the case of the rare-earth metals, energetically low lying f electrons.

For this reason, and also because of the larger interatomic distances, the interaction of these ions

with nearest neighbors is rather small, although they partly possess large magnetic moments (e.g.

Gd and Dy). Concerning the B-site cations, a vast number of studies has been performed on

the 3d metals, clearly outnumbering the investigations of compounds with 4d and 5d elements.

However, due to their larger and more diffuse 4d and 5d orbitals deviating electric conductivities

and changed magnetic interactions can be expected.

Especially ruthenium is a very interesting 4d element in the focus of the studies presented in

this work. In ternary oxides Ru is found in three different oxidation states 3+, 4+, and 5+ and

the corresponding ionic radii are comparable to the 3d elements, which easily allows substitu-

tions. Ruthenates show metallic conductivity or semiconducting behavior depending on the vary-

ing itinerant or localized character of the 4d electrons in its oxides [Cav04]. Upon substitution

the localization of electrons can be influenced and often result in electronic and/or magnetic phase

transitions. Furthermore, substitutions with 5d- or 3d-ions offer the possibility to generate new

interactions. The flexible valence of ruthenium helps to balance the charge of the substituent. Ti

and Mn are good candidates to achieve new properties by substitution because of their similarity in

size and oxidation state. For instance, superconductivity in Sr2RuO4 can be suppressed by replac-

ing a small fraction of Ru by Ti [Mae94, Puc02]. On the other hand, some manganese substituted

ruthenates show spin-glass behavior at low temperature and, moreover, a magnetoresistance effect

is frequently observed, which can be used for data storage systems [Dag01].

To study of the relationship between composition, crystal structure, and physical properties, in

this work two rather scarcely investigated compounds were chosen, which both possess perovskite

related structures. The first one is La2RuO5 with a layered structure related to the [110]-phases

[Bou03, Kha02]. The second system is of the ACu3B4O12-type with a 2× 2× 2 perovskite su-

perstructure [Des67]. Both ruthenium-containing systems exhibit interesting and up to now rarely

studied magnetic properties due to interactions of the 4d electronic states and resulting electronic

correlations.

La2RuO5 has a unique crystal structure with alternating perovskite-related LaRuO4- and LaO-

layers [Bou03]. At room temperature a Curie-Weiss paramagnetic behavior of localized Ru spin

moments is found together with a small band gap of roughly 0.15 eV characteristic for a narrow-

gap semiconductor [Kha02]. At approximately 160 K a phase transition is observed, which affects

structure, magnetic properties, and electrical conductivity. The low-temperature magnetic suscep-

tibility drops to very small values and is almost temperature independent indicating the possible

opening of a spin-gap as a result of an orbital-ordering process. This unusual low-temperature

phase as well as the phase transition deserve a closer look and are therefore studied in detail in the

course of this work.

Substitutions in La2RuO5 are expected to influence this magneto-structural transition either by

local distortions of the crystal structure or by additional magnetic interactions. As mentioned pre-

viously, some of the rare-earth ions carry large magnetic moments, which may affect the dimer-
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1. Introduction

ization transition. Probably more effective are substitutions with 3d transition-metal cations, since

they directly replace the ruthenium ions in the ordering network. Especially the redox-stable Ti4+

with its non-magnetic 3d0 configuration is suitable to substitute Ru4+ due to its comparable ionic

radius. Furthermore, Mn is a good candidate for the partial replacement of Ru, because of its

similar size. In addition, Mn is very flexible with respect to possible oxidation states. Depending

on these, Mn-ions possess different magnetic moments that can lead to various magnetic exchange

interactions and, hence, possible new magnetic phase transitions. Results of the systematic substi-

tution with rare-earth elements, Ti, and Mn are documented in this work.

Oxides of the ACu3B4O12-structure type are known for B = tetravalent Ti, Ru, Fe, Mn, Ge, Ir, Pt,

and pentavalent Ta, Nb, Sb [Vas07, Yam08, Lon09, Och13]. CaCu3Ti4O12 has gained consider-

able interest because of its dielectric properties [Sub00, Sub02, Kro10]. The replacement of Ti by

Ru leads to a complete solid-solution series for La, Pr, and Nd on the A-site, which affects the mag-

netic ordering and electronic structure. The pure titanates are insulators with colossal dielectric

constants in a broad frequency and temperature range, whereas the ruthenates are heavy-fermion

metals. This outstandig variety of properties in one solid-solution series raises the question of

emerging phase transitions depending on the substitution level. In combination with the valence

evolution of Ru and Cu it was possible to propose a detailed phase diagram of the investigated

physical properties.

In this work different synthesis approaches are shown because many of the introduced com-

pounds cannot be prepared by classical solid-state reactions. The crystal structures of the var-

ious samples are investigated in detail by x-ray and neutron diffraction techniques, as well as

by x-ray absorption spectroscopy. The oxidation states of the redox-active ions as well as the

chemical composition of the samples are determined. The observed structural changes are linked

with the physical properties and especially become evident by magnetization and specific-heat

measurements. For the investigated systems the experimental findings are compared to modelled

electronic band structures. Starting from ab-initio density-functional theory (DFT) many of the

measured properties can be explained.

The thesis starts with a chapter describing the applied methods for synthesis and structural char-

acterization as well as the interpretation of the investigated physical properties (Chapter 2). This

chapter is followed by a short introduction to the band-structure calculations using DFT and a

description of the used FPLO-code package (Chapter 3). The studies of the magneto-structural

transition in La2RuO5 are given in Chapter 4 including investigations under high pressure and

with dielectric spectroscopy. In Chapter 5 the influence of different substitutions on the physical

properties of La2RuO5 is reported. This chapter is divided according to the three systematic sub-

stitution series using rare-earth elements, Ti, and Mn, respectively. In the subsequent chapter 6 the

ACu3B4O12-type solid solutions are described. The first part deals with the structural influence

of the A-site substitution on the magnetic and electronic properties of the titanates (B = Ti) and

the second part of the chapter is dedicated to the effect of Ru substitution on the electronic struc-

ture and magnetic properties giving rise to a rich phase diagram. The results are summarized and

concluded in chapter 7.
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2. Experimental Methods

In this chapter the experimental methods used for this work are briefly introduced. The synthesis

methods applied for the sample preparation of the different compounds are described first. For the

powder samples the solid-state synthesis as well as slightly varying soft-chemistry reactions are

mentioned. In addition, the growth of single-crystalline samples is outlined. In Tabs. A.1 and A.2

in the appendix the chemicals used for the sample synthesis are listed.

The main part of this chapter introduces the characterization methods concerning the crystal

structure and physical properties. Several diffraction techniques using x-rays and neutrons are

described in combination with an introduction to the stuctural refinement processing. Further-

more, x-ray absorption spectroscopy (XAS) methods are introduced. Combined with this the

determination of the cation valences from XAS data is described and discussed. The measurement

techniques for physical properties like magnetism and thermal properties are presented as well as

the treatment of the obtained experimental data.

2.1. Sample Preparation

2.1.1. Solid-State Synthesis

In the solid-state synthesis binary metal-oxide and carbonate powders are mixed, well ground, e.g.

using agate mortar and pestle, and finally calcined in air at temperatures typically above 1000◦C

in muffle furnaces. The chosen calcination temperature determines the diffusion processes during

the reaction (see e.g. Refs. [Wat07, Wes99]), but also strongly influences the morphology of the

final product and, hence, the (physical) properties of the sample. The crucible material should

be chosen carefully since a reaction between sample material and crucible, or the degeneration of

the crucible material at the high temperatures is possible. For this work mainly highly densified

Al2O3 crucibles are used for the synthesis of polycrystalline samples, while platinum crucibles

were utilized for the single-crystal growth. In some cases reactions were carried out under argon

gas flow in a tube furnace to ensure inert reaction conditions.

La2RuO5 (Chapter 4) and various LnCu3Ti4−xRuxO12 samples (Chapter 6) were synthesized

by classical solid-state reactions. The starting agents were weighed in corresponding molar ratio

to receive approximately 2 g of the final material. To avoid errors, excess water and carbonates

formed from the binary oxides due to their hygroscopic character had to be removed in advance.

For this, the rare-earth oxides and RuO2 were predried at 900◦C for 6 hours. It has to be mentioned

that during this step Pr2O3 reacted to non-hygroscopic Pr6O11, which was further used for the

solid-state reactions. To improve homogeneity, the powders were wet ground under isopropanol,

13



2. Experimental Methods

which was allowed to evaporate after each grinding step.

For the La2RuO5 and rare-earth substituted powder samples (La2−xLnxRuO5, Ln = Pr, Nd, Sm,

Gd, Dy) synthesis La2O3, the corresponding rare-earth oxides, and RuO2 were used as agents. The

mixed and ground powders were fired in covered aluminumoxide crucibles in air for at least 96

hours at 1175◦C with intermediate regrinding steps each after 48 hours. An x-ray powder diffrac-

tion phase analysis was performed after each regrinding step. In contrast to the pure La2RuO5

the rare-earth substituted samples were not single phases but exhibited pyrochlores Ln2Ru2O7

[Ken96, Yam94] as impurities. Therefore, co-precipitation and soft-chemistry methods described

in the subsequent sections were applied to obtain single phase La2−xLnxRuO5 samples.

Polycrystalline samples of LnCu3Ti4−xRuxO12 were prepared from a mixture of rare-earth ox-

ide, TiO2, RuO2, and CuO in corresponding molar ratios to obtain 2 g of the final product. An

excess of CuO (roughly 0.3 g per g of final product) was added as self-flux as explained below in

more detail. This excess CuO was removed after the calcination using diluted hydrochloric acid

(1N) [Ebb02]. The ground mixture was pelletized to avoid a reaction with the crucible material.

The pellets were heated in air at between 1000◦C and 1040◦C for at least 96 hours with intermedi-

ate grindings after each 48 hours. The phase purity was checked by x-ray powder diffraction after

each (re)grinding step. The required calcination temperature depends on the sample stoichiometry.

Pure titanate samples (x = 0) were reacted at 1000◦C, while Ru containing samples were heated to

1040◦C to achieve single phases. The titanate powders exhibit an orange-brownish color, on the

other hand, only a small adding of Ru (x > 0) turns the color of the sample powders to black.

2.1.2. Co-Precipitation

A co-precipitation route was tested to obtain single-phase polycrystalline La2RuO5. Stoichio-

metric amounts of La-nitrate hydrate and Ru-chloride hydrate (to obtain 0.5 g of La2RuO5) were

dissolved under stirring in roughly 100 ml deionized water. By adding approximately 2 ml of 25%

NH3 to the solution a brownish precipitate was formed, which was filtered off and dried. This

precipitate was calcined at 1175◦C for 48 hours in covered aluminiumoxide crucibles in air. Pow-

der x-ray diffraction revealed a mixture of La2RuO5 with distinct amounts of LaOCl [Bri83]. The

LaOCl forms due to the use of Ru-chloride hydrate as an agent and cannot be removed by further

calcination steps or changes of the amount of ammonia added to the solution. Thus, this method

was found to be not suitable to obtain single phase (substituted) La2RuO5 and was not used for

further sample synthesis.

2.1.3. Citrate-Reaction Route

The citrate-reaction route belongs to the soft-chemistry or ”chimie douce” methods, which gener-

ally allow reactions under milder conditions compared to the solid-state synthesis. The synthesis

started with a precursor solution containing the corresponding cations of the final oxide. For this

either soluble starting agents like metal nitrates were used or non water-soluble binary metal ox-

ides were dissolved using e.g. HNO3. The dissolved cations were stabilized by establishing a

framework of complexing organic molecules. Generally, citric acid was used for this purpose in

14



2.1. Sample Preparation

this work. The solutions were heated to remove the solvent until gels from the metal-organic ma-

trix formed. These gels were dried and pyrolysed to remove the organics [Pec67]. Afterwards

they were calcined at corresponding temperature to obtain the final oxide material. This method

is widely used to obtain transition-metal oxides [Dou89] and the detailed physical and chemical

properties of this method are described in Ref. [Bri90]. However, this approach was not reported

before to synthesize La2RuO5.

For the preparation of polycrystalline La2−xLnxRuO5 (Ln = Pr, Nd, Sm, Gd, Dy) [Rie11] sto-

ichiometric amounts of the rare-earth nitrate-hydrates and Ru-acetyle acetonate (Ru-AcAc) were

dissolved in approximately 75 ml of ethanol (96%). For each mole of metal cations three moles of

citric acid were added as the stabilizing organic fraction. The weights of the starting agents were

calculated to obtain 0.75 g of final sample material. For the calculation the water contents of the

nitrate-hydrates determined by thermogravimetry using a Q-500 thermobalance (TA-Instruments,

Tab. A.2) and the Ru content between 22.4 % and 22.9 % of the Ru-AcAc had to be taken into

account. The red solutions were stirred until all agents were solved completely and subsequently

heated to roughly 90◦C under stirring for four hours until gels formed. The gels were prepyrolysed

for three hours at 180◦C and afterwards pyrolyzed at 600◦C for 12 hours in quartz crucibles. The

obtained powder was ground with agate mortar and pestle and calcined in covered aluminumoxide

crucibles in air at 1175◦C for at least 96 hours with intermediate grindings after each 48 hours.

The used calcination temperature is the same as in the solid-state reaction described above, which

is rather unusual compared to assumptions described in Ref. [Bri90]. The synthesis was only

successful in a narrow temperature range between 1150◦C and 1200◦C. Below 1150◦C a mix-

ture of different lanthanum-ruthenium oxides was present, which finally reacted to La2−xLnxRuO5

when heated above 1150◦C. Above 1200◦C impurities of La3RuO7 and pyrochlores were detected,

which could not be removed by further calcination at lower temperatures. The synthesis condi-

tions lead to single phase black powders for all rare-earth elements up to certain substitution levels

depending on the lanthanide ionic radii. Detailed descriptions of the phase quality are given in

Sec. 4.1.1 and Sec. 5.1.1.

The synthesis of manganese substituted La2Ru1−yMnyO5 was similar to the above described

reaction [Rie13c]. La-nitrate hydrate, Ru-nitrosyle acetate (Ru-NOAc), and Mn-nitrate hydrate

were dissolved in appropriate amounts in roughly 50 ml of deionized water. The amount of the

agents were calculated and weighed to obtain 0.5 g of final product. The precursors were heated

under stirring to 120◦C for four hours until gels formed. The gels were dried, pyrolyzed, and

calcined at identical temperatures and for same durations. The phase purity of the obtained black

powder samples was also checked intermediately and a maximal substitution level of y = 0.25 was

found, which is described in more detail in Sec. 5.3.

For the synthesis of the polycrystalline Ti substituted La2RuO5 samples a Ti containing precur-

sor had to be prepared [Rie13a]. The preparation route is described in detail in literature [Tad02].

200 mg of titanium metal powder was dissolved in a mixture of 4 ml 25% NH3 (Merck) and

18.7 ml H2O2 (Merck, not H3PO4 stabilized) using a water bath cooling. The mixture was stirred

until a clear yellowish solution was obtained and the Ti powder was dissolved completely. By

adding three moles of citric acid per mole Ti an orange colored citratoperoxotitanate-complex was
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stabilized. The excess H2O2 was decomposed by boiling the solution for one hour. Afterwards

the solution was diluted with deionized water to a volume of 250 ml to obtain a precursor with

a defined Ti-concentration. This precursor was added to aquaeous solutions (50 ml of deionized

water) of corresponding molar amounts of La-nitrate hydrate and Ru-NOAc to obtain 0.5 g of the

final compounds. Citric acid was added to the precursors in a molar amount of three moles per

mole metal cations. The solutions were heated under stirring at 150◦C for three hours to remove

the excess water until gels formed. The pyrolysis and calcination steps were the same as described

above for the rare-earth and manganese substituted compounds. In addition to the solely tita-

nium substitution a combination of simultaneous Ti and Pr substitution was performed by partly

replacing La-nitrate hydrate by Pr-nitrate hydrate similar to the rare-earth substitution. Maximal

substitution levels y = 0.45 for Ti and x = 0.75 for Pr were achieved for the La2−xPrxRu1−yTiyO5

samples. The studies of the Ti substituted La2RuO5 are described in Sec. 5.2.

All obtained polycrystalline samples are black powders. It has to be mentioned that in the sol-

gel reactions a small excess of roughly 2% La-nitratehydrate was required to obtain single-phased

samples. This was neccessary due to the not exactly determined deviation of the metal-cation

content to the nominal one in either the Ru or rare-earth metal containing agents.

2.1.4. Single-Crystal Growth

Single-crystalline materials bear the advantage of the angular-dependent investigation of physical-

properties. Remarkable differences of the properties are usually found in anisotropic, for example

layered, crystal structures.

A large number of crystal-growth methods are known for the single-crystal growth and de-

scribed in detail e.g. in Ref. [Wil88]. For this work two methods were tested. The first one was

the floating-zone technique using an optical heating by high-power halogen lamps and elliptical

mirrors to locally melt densified rods of polycrystalline material. The rods were moved through

the focus area of the mirrors resulting in large crystals of typically several centimeters in length

and approximately 5 mm in diameter. A more detailed description of the floating-zone technique

is given in Ref. [Goe06]. The floating-zone method unfortunately was not suitable for the Ru con-

taining compounds, though. The rutheniumoxide in the polycrystalline rods thermally evaporated

from the melt leading to strong Ru understoichiometries. Using an excess of Ru in this case did

not lead to the desired products either.

The second method, which was applied successfully, is the flux growth. The flux itself either

is one component of the final compound (self-flux) or a different material which is not incorpo-

rated in the crystals. Both flux variations were used for this work. The La2RuO5 single crystals

were grown from a BaCl2-flux [Kha02] and the La2/3Cu3Ti4O12 and SrCu3Ru4O12 crystals from

a CuO self-flux [Ebb02], respectively. The molten flux material dissolves the polycrystalline start-

ing material. In the liquid phase little seed crystals of the final material start to grow due to

oversaturation during cooling or partial evaporation of the flux. The flux reactions were carried

out in non-reactive crucible materials. For this work highly densified aluminumoxide or platinum

crucibles were used.
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To obtain La2RuO5 crystals, the binary oxides La2O3 and RuO2 (both previously dried at 850◦C

for 6 hours) were mixed in the stoichiometric ratio 0.5325 g : 0.2175 g and ground well using agate

mortar and pestle [Rie12a]. 6.25 g BaCl2 was added (also dried in advance at 120◦C for several

hours to remove excess water). The mixture was reacted in uncovered alumina crucibles in a tube

furnace by heating to 1200◦C in 4 hours, holding this temperature for 6 hours, and slow cooling

down to 950◦C with a cooling rate of 3 K/h to get below the melting point of BaCl2. At this

temperature the furnace was switched off and allowed to slowly cool down to room temperature.

The chosen maximum temperature was high enough to both form La2RuO5 seeds and to melt

BaCl2 (melting point: 963◦C, boiling point: 1560◦C [Hay11]) without a too high evaporation rate.

The excess BaCl2 was dissolved in deionized water. The black La2RuO5 crystals had a plate or

hexagonal shape and a size of 0.05× 0.05 mm2 with a thickness of less than 30 microns. They

were separated from transparent LaOCl [Bri83] crystals under a microscope. In addition to the

La2RuO5 crystals also black crystallites of 4H-BaRuO3 are formed due to the reaction of BaCl2

with RuO2 [Don65, Hon97]. These cannot be easily distinguished under the microscope, but were

identified by magnetic susceptibility measurements and XRD (See Sec. 4.2.2 for more details).

The observed La2RuO5 crystal shape is caused by a twinning, which is indicated by a fishbone

like reflection pattern visible under a grazing angle with the microscope. A detailed description of

the La2RuO5 single-crystal investigations is found in Sec. 4.1.2.

The La2/3Cu3Ti4O12 and SrCu3Ru4O12 crystals were grown using a CuO-flux. Approximately

0.5 g previously reacted powder material was mixed with an equal weight of CuO, ground with

agate mortar and pestle and reacted in platinum crucibles. The samples were heated to 1080◦C

in 3 hours and 40 minutes, this temperature was held for 12 hours followed by a slow cooling

to 1000◦C with a rate of 2 K/h. A final annealing step of 6 hours at this temperature was used

before the furnace was switched off and allowed to cool down to room temperature. The excess

CuO was removed utilizing diluted hydrochloric acid and deionized water. The obtained cubic

black crystals with a size up to 1 mm3 are large enough to be investigated by the Laue diffraction

method in reflection mode described in more detail in Ref. [Spi05]. A temperature above 1050◦C

was used since the eutectic CuO/Cu2O melts at this temperature. Details of the crystal-structure

investigations are found in Secs. 6.1.1 and 6.2.1.

2.2. Structural Characterization Using Diffraction Techniques

In the following sections the applied methods for the crystal structure investigation are introduced

briefly (detailed descriptions are given in e. g. Refs. [All03, Spi05]). All methods base on the

diffraction of waves by the regular lattice of highly crystalline compounds. Since the scale of the

ions in the lattice is in the range of Ångstroms (1 Å = 10−10 m), the wavelength of the scattered

radiation has to be in the same range to obtain diffraction patterns, which simply are projections

of the crystal lattice in reciprocal space. The electromagnetic radiation with this wavelength is

denoted x-radiation (named by its discoverer W. C. Röntgen). A description of the observed

diffraction patterns is possible using the well known Bragg-equation, which is also illustrated in
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Figure 2.1.: Geometrical conditions of the Bragg equation (Eq. 2.1) for crystal planes of distance d.

The angle between the incident (reflected) radiation and the surface is θ .

Fig. 2.1:

n ·λ = 2 ·d · sinθ (n ∈ N) . (2.1)

While x-rays interact with the electrons, neutrons are scattered at the atomic core providing a

different kind of information, which is discussed in the subsequent sections.

2.2.1. X-ray Powder Diffraction

The most frequently used technique to investigate the powder samples in this work was powder

x-ray diffraction (XRD) utilizing monochromatic radiation. The incident radiation is scattered and

partially reflected at the planes of the crystal lattice of the powder sample. Positive interference

conditions are fullfilled for each distance d of the planes applying a corresponding Bragg-angle

θ of the incident beam with respect to the surface (Fig. 2.1). In other words, this is achieved

when the geometrical (marked green in Fig. 2.1) and the optical path difference (n ·λ ) are directly

proportional (Eq. 2.1).

From the obtained distances dhkl of the crystal-lattice planes (denoted with Miller indices hkl)
the unit-cell parameters and the crystal system (triclinic, monoclinic, orthorhombic, tetragonal,

trigonal, hexagonal and cubic) can be determined. For example, for an orthorhombic system

(α = β = γ = 90◦) the relation between the unit-cell parameters a, b, and c and dhkl is defined as:

1

d2
hkl

=
h2

a2
+

k2

b2
+

l2

c2
. (2.2)

Further information about the space-group symmetry of the studied crystal powders is revealed by

extinction rules of certain hkl index combinations. Finally, the exact atomic positions in the unit

cell reflecting the specific crystal structure determines the structure factor F and in turn (relative)

intensities of the diffraction peaks I = |F |2. Detailed information about the solving of the crystal

structure from powder-diffraction data as well as corresponding refinement methods are provided

partly in the subsequent sections and in detail in literature, e. g. in Refs. [All03, Bor02, Mas07,

Spi05].
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Detector

Secondary

Monochromator

Soller-aperture Soller-aperture

X-ray

Tube

Automatic

Divergence

Aperture

Rotating Sample Carrier

Figure 2.2.: Typical Bragg-Brentano x-ray diffractometer setup [All03]. For a detailed description see

text.

The radiation sources used for the structural investigations were x-ray tubes of laboratory diffrac-

tometers or the synchrotron DORIS III at HASYLAB (Beamline B2). Most of the diffraction mea-

surements were performed using a Seifert 3003-TT powder diffractometer. The radiation source

was an x-ray tube with a copper anode providing Cu-Kα1,2 radiation for the diffraction measure-

ments. The general Bragg-Brentano setup is shown in Fig. 2.2. The measurements were carried

out in reflection on the flat sample surface and the sampleholder was rotated with 1 Hz. Both

the x-ray tube and the detector are moved simultaneously in steps Δθ to preserve the θ -θ ge-

ometry. The x-rays were collimated by Soller-apertures as well as slit apertures and a secondary

monochromator was used to filter all wavelengths else than Cu-Kα1,2, which was recorded using

a scintillation detector.

During this work the Seifert 3003-TT was upgraded with a one-dimensional single-line semi-

conductor detector (METEOR 1D). An automatically varying entrance slit (i.e. a constant irradi-

ated sample area) was used to enhance the intensities at high diffraction angles. To use the data in

the Rietveld analysis, they were transformed to simulate a constant slit setup. With this detector

the measuring time could be reduced to 3 h compared to 18 h for the scintilation counter while the

signal to noise ratio and the angular resolution were even slightly better.

The diffraction patterns were recorded in an angular range 10◦ ≤ 2θ ≤ 150◦ with a typical

step width of 0.02◦ and 10 s integration time per data point for the scintillation counter. With the

METEOR 1D detector a step width of 0.01◦ and a counting time of 300 s per data point were used.

Applying the scintillation detector the angular range above 2θ = 80◦ was measured additionally

with a step width of 2θ = 0.05◦ and 20 s per data point to increase the signal to noise ratio.

The x-ray diffraction measurements at low temperature were performed with a Philips X’Pert

and a STOE STADI P diffractometer. The Philips X’Pert also operates with Cu-Kα1,2 radiation
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Figure 2.3.: Temperature calibration of the Anton Paar TTK camera. Red circles mark the unit-

cell volume of zinc obtained for the setpoint temperature and black squares represent the calculated

volumes.

and has Bragg-Brentano geometry with a scintillation detector according to Fig. 2.2. For the

temperature variation an Anton Paar TTK450 camera was used. The sample-holder cavity of

approximately 14×10×1 mm3 was filled with a mixture of the sample and Zapon varnish. The

varnish improved the thermal conductivity between sample and sample holder, which was cooled

by flowing cold nitrogen gas. The sample temperature was calibrated by studying the thermal

change of the unit-cell volume of zinc-metal powder. For this the zinc diffraction pattern was

measured at different temperatures and the obtained volume contraction was compared to the

tabulated expansion factor αc = 83.3 · 10−6 K−1 [Lan64] as shown in Fig. 2.3. An acceptable

agreement of measured and calculated values is observed corresponding to a deviation of 5 to

10 K between the set point and the actual sample temperature. The samples were measured at the

corrected temperature of 128 K (∼= −145◦C). The measured angular range was between 10◦ and

110◦ 2θ with a step width of 0.02◦ and an integration time of four seconds for each data point was

used.

Additional temperature dependent x-ray diffraction measurements were performed using a STOE

STADI P powder diffractometer with Cu-Kα1 radiation in transmission mode. The sample pow-

ders were mixed with a threefold weight of ground charcoal to reduce absorption. The mixtures

were filled in capillaries with 0.3 mm diameter. A STOE IP-PDS detector was used in combina-

tion with a flowing-nitrogen sample-cooling system (Oxford Cryosystems Cryostream 700) in the
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angular range 15◦ ≤ 2θ ≤ 130◦. For these measurements a temperature range between 100 K and

300 K was available. Ten patterns with an integration time of 600 s and a step width of 0.02◦ each

were accumulated for the Rietveld analysis.

Synchrotron radiation x-ray diffraction patterns were recorded at the beamline B2 at HASYLAB

[Kna04a] between 10 K and room temperature. The sample powders were filled in quartz capillar-

ies with 0.3 mm diameter and measured in transmission mode using wavelengths of 0.499309 Å

or 0.56285 Å (Si 311 monochromator) with a step width of 0.004◦ or 0.008◦, respectively, in an

angular range 2◦ ≤ 2θ ≤ 75◦. The data were recorded with the on-site readable position-sensitive

image-plate detector called OBI [Kna04b] with an integration time of roughly 15 minutes per scan.

The exact values for the wavelength as well as the initial peak-profile function-parameters were

obtained from the refinement of a LaB6 standard.

2.2.2. Neutron Diffraction

Neutrons possess no electrical charge and do not interact with the electron shell of the atoms, but

during the neutron-powder diffraction (ND) measurements are scattered at the atomic core. The

neutron-scattering length does not change systematically with the atomic number but is character-

istic for each nuclide. This offers the possibility to distinguish between neighboring elements in

the periodic table or even isotopes of the same element. In addition, due to the similar scattering

lengths of heavy and very light atoms - even hydrogen - the determination of the atomic positions

of light elements in the unit cell is usually more precise than by the analysis of XRD patterns. On

the other hand, absorption and incoherent scattering as well as radioactive activation of the sample

are shortcomings of this method. The incoherent scattering increases the background noise and

decreases the Bragg intensities thus reducing the signal to noise ratio. For example, hydrogen

has a rather large incoherent scattering cross section of 80.27 bn, while the value for deuterium

amounts to only 2.05 bn [Sea92].

The wavelength of neutrons is given by the de-Broglie equation according to:

λn(Å) =
h

mnvn
≈ 0.286√

Ekin (in eV)
. (2.3)

Neutrons with a wavelength in the order of 1 Å are denoted “thermal” since their kinetic energy

corresponds to roughly room temperature1.

The ND measurements were performed at the PSI (Paul-Scherrer-Institute) in Villigen (Switzer-

land). The neutrons are generated in the spallation source SINQ (Swiss Spallation Neutron Source)

in a continuous process, in which protons are accelerated in cyclotrons and brought to collision

with a lead-Zircaloy target [Fis97, Bla09]. A reflector cooled with liquid D2O moderates the

neutrons and directs them to the beamlines through supermirror neutron guides (see left part of

Fig. 2.4). With this method a high flux (> 1 · 1014 n/cm2/sec/mA) of thermal neutrons could be

provided continuously for the measurement application.

1Ekin(300 K)≈ 0.026 eV;
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Figure 2.4.: Left: Sketch of the neutron spallation source and the HRPT experimental setup (PSI,

Villigen, Switzerland). Right: Top view of the diffractometer showing the neutron waveguide, the

sampleholder/cryostat, and the detector (taken from [Pom13]).

The powder diffraction measurements were performed at the HRPT (High Resolution Powder

diffractometer for Thermal neutrons) diffractometer [Fis00]. The neutron beam is monochroma-

tized using a Ge crystal monochromator (see right part of Fig. 2.4). The sample holder consists

of a He cryostat equipped with an automatic changer for four vanadium sample containers. The

available temperature range is 1.5K ≤ T ≤ 315 K. The position sensitive He-3 detector (PSD) al-

lows simultaneous measurements in an angular range of roughly 8◦ ≤ 2θ ≤ 165◦ with a resolution

of 0.1◦. By using air cushions the detector can be moved to intermediate positions, thus, reducing

the step size to 0.05◦. A high intensity or a high resolution mode can be chosen for the measure-

ment with respect to the available maximal resolution δd/d ≤ 0.001 and the adjustable wavelength

between 0.94 and 2.96 Å. The measurement parameters used in this work are a step width of 0.05◦,

temperatures between 1.5 K and 300 K and a wavelength of 1.494 Å (Ge 533 monochromator)

[Pom13].

2.2.3. Rietveld Analysis

In a Rietveld refinement the difference between the measured and calculated diffraction pattern

is minimized by a least squares algorithm [Rie67, Rie69]. For the refinement the initial crystal

structure has to be close to the final solution, else the method is often not able to find the ab-

solute minimum. The Rietveld method is widely used to solve and refine crystal structures of
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compounds, which are not available in single crystalline form. Based on the powerful computers

nowadays the Rietveld analysis is implemented in ab-initio crystal-structure solution program-

suites for polycrystalline samples. However, it is very complex to obtain the crystal structure from

powder-diffraction data without available single-crystal information [All03, Spi05].

For the Rietveld analysis of the x-ray and neutron diffraction patterns the FullProf program suite

and the WINPlotR graphical user interface were used [Car93]. Within FullProf even a simultane-

ous treatment of x-ray and neutron diffraction patterns is possible resulting in a higher accuracy

of the structural data.

In the Rietveld method the intensities of all Bragg reflections contributing to one angular value

i are summarized to the whole pattern information according to:

yci = S ·∑
hkl

Lhkl · |Fhkl|2 ·Φ(2θi −2θhkl) ·Phkl ·A ·Sr ·E + ybi . (2.4)

yci is the counting rate at point i and S is the scaling factor. The sum over all reflection contribu-

tions contains the Lorentz-factor Lhkl (including polarization correction and a factor regarding the

multiplicity), the structure factor Fhkl , and the profile function Φ of the Bragg reflection. The width

and shape of the profile function is depending on the diffraction angle 2θ . An occasional preferred

orientation of the crystallites in the powder called texture effect is treated by a factor Phkl . Other

parameters concerning sample and preparation properties are the absorption A, the extinction E,

and Sr, which is a measure for the roughness of the sample surface. Finally, the background signal

ybi is added to the intensity of each point i.
One important parameter is the choice of the profile function Φ for the refinement. The profile

function is depending on the diffractometer, the type of radiation, the detector, and so on. For the

refinement process also mathematical requirements have to be taken into account like the differ-

entiability of the function. Thus, analytical functions are used, which are considering the different

profiles yielded by x-ray and neutron diffraction. The pseudo-Voigt (pV) profile is generally used

for x-ray diffraction patterns, while for the neutron-diffraction patterns a Thomson-Cox-Hastings

pseudo-Voigt [Tho87] profile function is often more applicable. The pV profile is defined accord-

ing to:

ΦpV = η ·L(x)+(1−η) ·G(x) (0 ≤ η ≤ 1). (2.5)

Here the abbreviation x = 2θi −2θhkl is used. The mixture of the Lorentzian (L(x)) and Gaussian

(G(x)) profile function is scaled with the mixing factor η , which for the pseudo-Voigt function can

be expressed as:

η = η0 +X ·2θ . (2.6)

For the Thomson-Cox-Hastings pseudo-Voigt profile, on the other hand, η is defined by:

η =
3

∑
i=1

Ci(ΓL/Γ)i . (2.7)
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For this profile the mixture parameter is linked to the full width at half maximum (FWHM) of

the Lorentzian (ΓL) and Gaussian (ΓG) profile functions (0 ≤ Ci ≤ 5), which are calculated by a

relation connected to real Voigt functions:

Γ = 5

√
5

∑
i=0

Γi
LΓ(5−i)

G . (2.8)

For the Lorentzian profile the FWHM is defined as:

ΓL = X · tanθ +Y/cosθ . (2.9)

The FWHM for the Gaussian profile can be expressed as a power series in tanθ :

ΓG =
√

W +V · tanθ +U · tanθ 2 . (2.10)

Starting values for the directly refineable parameters X ,Y and U,V,W are often derived from

calibration measurements of standards (e. g. LaB6). Further refinement parameters are the unit-cell

parameters, the fractional atomic coordinates (x j,y j,z j), the (isotropic) displacement parameters

Biso and the site occupancies Nj. These parameters are connected to the structure factors according

to:

Fhkl =
N

∑
j=1

Nj · f j · e−Biso, j·sin2 θ/λ 2 · ei2π(hx j+ky j+lz j) = |Fhkl| · eiφ . (2.11)

Deviations from a full occupation are caused, for example, by defects or a changed stoichiometry

due to substitution effects and thereby change Nj. In Eq. 2.11 the isotropic atomic displacement

factor Biso represents the thermal movement and static disordering of the single atoms. The atomic

form factor for each atom f j is taken from tables in literature. In the powder diffraction measure-

ments the phase information (φ on the right side of Eq. 2.11) of the crystal structure cannot be

determined since only the absolute values of the structure factor |Fhkl| can be extracted from the

measured intensities. For this reason a structure solution can become quite difficult and is usually

not performed from powder data [All03, Spi05].

The background of the measured pattern is often either approximated by a polynomial function

or a number of linearly interpolated points. Furthermore, the 2θ shift caused by a sample height

deviating from the ideal geometric position is included. Additional parameters describe asymmet-

ric peaks caused by the instrumentation, amorphous fractions, texture, absorption corrections, and

a possible constant 2θ offset denoted zero-shift.

During the refinement the parameter χ2 is minimized by a least squares algorithm:

χ2 = ∑
i

wi · (yi − yci(a))2 . (2.12)

Here, a denotes a vector in the parameter space. The weighting factor wi is equal to the inverse

value of the measured intensities yi (wi = 1/σ2 = 1/yi). A more detailed description of the math-

ematical treatment of the refinement process is given in Ref. [All03].
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The progress of the refinement can be monitored by χ2, which is also denoted ”Goodness of

fit“ factor, or by using the residuals or R-values. Different variants of the R-values are defined, for

example, commonly used are the profile residual RP (Eq. 2.13) and the weighted profile residual

RwP (Eq. 2.14), both without additionally regarded background correction.

RP =
∑i |yi − yci|

∑i yi
(2.13)

RwP =

(
∑i wi · |yi − yci|2

∑i wi · yi

)1/2

(2.14)

Both χ2 and RwP are important indicators for the refinement quality. The smaller the residuals

become the better is the refinement quality. The obtained values strongly depend on the instru-

mentation and the measurement parameters. Therefore, it is not possible to define absolute val-

ues. Nevertheless, values below 10 % for RwP and a χ2 value very close to unity are reasonable

[All03, Spi05]. It has to be mentioned that the values can be below the criteria for a good re-

finement but still provide results which are physically not correct. As a consequence the obtained

crystal structures have to be critically checked and other parameters reflecting the quality described

in detail in Ref. [Hil87] are strongly recommended to be taken into account.

In addition to the structural information a quantitative phase analysis can be obtained from the

Rietveld refinement. The weight Wj of each phase fraction j in the sample is connected to the

scaling factor S j:

Wj =
S j ·Z j ·Mj ·Vj/t j

∑N
k=1 Sk ·Zk ·Mk ·Vk/tk

. (2.15)

Z is the number of formula units in the unit cell, M and V are the corresponding molecular weight

of the formula unit and the unit-cell volume. The different absorption corrections of the powders

with respect to the particle sizes is described by the Brindley factor t [Bri45], but this correction is

generally assumed to be unnecessary in a first approximation and t j, tk are usually set to one.

2.2.4. Single-Crystal Diffraction

The crystal-structure analysis for single crystals is performed in a similar procedure as the powder-

diffraction methods. However, the data aquisition is different. Promising single crystals had to be

preselected and were either measured on a four-cirle diffractometer equipped with a scintillation

detector (Syntex P21) or a two-circle diffractometer with an image-plate detecting system (STOE

IPDS 2T, see Fig. 2.5). Mo-Kα radiation was used on both diffractometers.

In case of the four-circle diffractometer (Fig.2.6) θ and ω describe the in plane angles of incident

and reflected radiation. The angles φ and χ are used to align the different diffracting vectors,

which are oriented normal to the set of lattice planes described by the Miller indices and which

correnspond to lattice points in reciprocal space. In the κ geometry of the IPDS 2T (Fig. 2.5) the

circles of χ and ω are combined (more detailed information is given in Refs. [Spi05, Mas07]).
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Figure 2.5.: Setup of the STOE IPDS 2T single crystal diffractometer equipped with image-plate

detector (left) and cold air cooling system. The incident beam enters from the right via a collimator

tube. The crystal is mounted on the goniometer head of the two-circle goniometer with κ geometry.

The preselected crystals with edge sizes between roughly 0.05 mm and 0.3 mm were glued on

glass fibres using clear nail varnish. This crystallite size is required to obtain reasonable reflex

intensities and low absorption losses. The glass fibre was fixed on a goniometer head with an

Eulerian cradle, which was mounted on the goniometer of the single-crystal diffractometer.

First the unit-cell parameters are determined from a limited number of reflexes measured in a

preliminary run. From this indexing step the Bravais type and the crystal orientation matrix are

determined. With this information the measurement run of a large number of reflex intensities Ihkl

is carried out using an optimized procedure to measure the complete available part of the Ewald

sphere in reciprocal space. On the four-circle diffractometer often only one or two octants of the

Ewald sphere are measured to reduce the data acquisition time to two days. Depending on the

crystal symmetry more octants are required to obtain the necessary data for structure solution and

refinement. In case of cubic systems the unique reflections are obtained measuring one octant

only. Nevertheless, we measured the entire Ewald sphere because the intensities of symmetry-

equivalent reflexes were used for the absorption correction. To enhance the (atomic) resolution,

measurements are performed to high diffraction angles up to 2θ = 90◦. For a good refinement

quality the observed number of independent reflections should be ten times higher than the number

of parameters used for the refinement.

From the measured reflex intensities the space group and Laue symmetry were determined by

the investigation of systematic absence conditions using the program XPREP [She97a]. The mea-
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Figure 2.6.: Schematic geometry of the four-circle diffractometer with the crystal mounted on an

Eulerian-cradle goniometer head.

sured intensities Ihkl were corrected2 by the Lorentz- and polarization correction terms LP [Mas07]

according to:

|Fo|=
√

Ihkl/LP
[
LP = (1+ cos2 2θ)/2sin2θ

]
. (2.16)

For the absorption correction the measured shape of the crystal was optimized numerically with

the XSHAPE suite based on the program HABITUS [Her97] to minimize the differences in the

intensities of symmetry equivalent reflexes. Alternatively the surface planes can be indexed and

used to describe the crystal shape. The final absorption correction of the data can be performed

applying PLATON [Spe09].

The structure was solved using the program SHELXS-97 [She97b, She08]. The determination

of the atom positions in the unit cell was performed applying so called “direct methods” or the

Patterson method [Mas07]. The electron density ρ within the unit cell can be calculated from the

structure factors Fhkl by Fourier transformation:

ρXY Z =
1

V ∑
hkl

Fhkl · exp[−i2π(hX + kY + lZ)] . (2.17)

XY Z are the coordinates describing ρ for each point of the real-space unit cell. The maxima

of ρXY Z correspond to the coordinates of the atoms. However, the measured intensities do not

provide the phase information as Ihkl is proportional to |Fhkl|2. Structure factors calculated from

the first structure model (Fc) are used in a Fourier sythesis and the obtained data are subsequently

2This is performed automatically by the diffractometers: P21 during the measurement of the reflexes, STOE IPDS 2T

during the integration step.
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subtracted from the ρXY Z data of the measurement. This differential Fourier analysis enables to

locate atoms, which are not found in the first structure approximation. For oxides this is usually

the case for the lighter elements like oxygen. The structure model can be considered to be correct

if no strong maxima in the difference-electron density occur.

With the valid structural model the crystal structure is refined in a least-squares algorithm us-

ing the program SHELXL-97 [She97b, She08]. Similar to the Rietveld analysis of the powder-

diffraction data, the atomic coordinates and the occupation factors were refined. In addition, the

anisotropic displacement parameters Ui j are calculated, which are related to the anisotropic Debye-

Waller factors βi j according to:

βi j = 2 ·π2 ·a∗i ·a∗j ·Ui j . (2.18)

The displacement parameters are linked to the reciprocal axes a∗i (a∗1 = a∗, a∗2 = b∗, a∗3 = c∗).

The refinement quality is described by R-values similar to the Rietveld analysis of powder data.

However, the weighting factor w is generally applied, because during the refinement of the F2
o

values the variance is less stable than for the Fo data. Therefore, a weighting scheme including a

refineable empirical factor k is used [Mas07]:

w = 1/(σ2 + k ·F2
o ) . (2.19)

The residuals are calculated in a different manner depending on the refinement of the Fo or the

F2
o data. The R-values are then marked with the indices “1” or “2”, respectively (the 1 is often

neglected). The standard R-value is calculated according to:

R1 =
∑hkl Δ1

∑hkl |Fo| =
∑hkl ||Fo|− |Fc||

∑hkl |Fo| , (2.20)

and the weighted wR-values of the refinement are calculated according to:

wR1 =

√
∑hkl w · ||Fo|− |Fc||2

∑hkl w ·F2
o

, (2.21)

wR2 =

√
∑hkl w · (F2

o −F2
c )

2

∑hkl w · (F2
o )

2
. (2.22)

The residual values for a good refinement are recommended to amount well below 5% for R1 and

10% for wR2. In addition, a goodness of fit number, which should be close to unity, is defined:

S =

√
∑hkl w · ||Fo|− |Fc||2

m−n
. (2.23)

m is the number of measured reflex intensities and n is the number of refined parameters.
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2.3. X-ray Absorption Spectroscopy Measurements

2.3. X-ray Absorption Spectroscopy Measurements

In addition to the x-ray scattering methods, x-ray absorption spectroscopy (XAS) was used to in-

vestigate the samples. This technique bears different advantages. It is highly element specific for

the investigated absorption edge of the studied element. This method can be used for the detailed

investigation of the local structure neighboring or coordinating the central atom up to several Å.

Since the structural resolution is limited to the nearest neighbors, besides highly crystalline materi-

als also amorphous, liquid, or even gaseous samples can be investigated. Using a fast measurement

technique the XAS spectra can be used to in-situ study the formation of a reaction product dur-

ing the reaction process. Furthermore, the valence of different elements in the compounds can be

determined by XAS measurements.

The passing of solid material attenuates the transmitted intensity of radiation according to the

Lambert-Beer law [Kon88]:

I = I0 · exp(−μ(E) ·d) . (2.24)

The incident beam with intensity I0 is damped exponentially depending on the sample thickness

d and the absorption coefficient μ(E), which is in general a tensor of rank two, but in first ap-

proximation it can be considered as a material-specific parameter. The equation is only valid as

approximation for low intensities and a one-dimensional case. In the energy range of x-radiation

the coefficient is composed of different contributions, which are the result of inelastic (Rayleigh-)

and elastic (Compton-) scattering and the photoionization of the inner shells of the atoms in the

absorbing material. The scattering contributions are changing slowly and decrease with increas-

ing energy. On the other hand, the element specific photoionization in comparison decreases more

steeply with increasing energy. At certain energy values additional anomalies are appearing arising

from the ionization of the inner shell (K, L, M,...) electrons.

The general behavior of the mass depending absorption coefficient (μ(E)/ρ) without regarding

the specifications of the atomic structural environment or the chemical properties of the neighbor-

ing atoms was calculated by Victoreen [Vic48]. The empirical formula

μ(E)
ρ

=C ·
(

hc
E

)3

−D ·
(

hc
E

)4

+σKN · NAZ
A

(2.25)

describes the decrease with increasing energy using terms which are weighted with element spe-

cific coefficients C and D for each separate absorption edge. The above mentioned inelastic and

elastic scattering coefficients are included in Eq. 2.25 by the Klien-Nishina-coefficients σKN . NA

is the Avogadro constant and Z and A are the element specific atomic number and atomic weight,

respectively.

Eq. 2.25 is a raw approximation due to the previously neglected element-specific photoion-

ization, but it can still be used in a fit for the pre-edge background correction of the absorption

measurement. A typical example of a measured Ru-K absorption edge is depicted in Fig. 2.7. It

reveales a complex behavior around the absorption energy E0, which is marked by a vertical red

solid line. The appearing of a fine structure is mainly caused by two reasons. In the XANES
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Figure 2.7.: Measured Ru-K absorption edge of PrCu3Ru4O12. XANES and EXAFS regions are

indicated by vertical dashed lines and the absorption-edge energy E0 is marked with the solid red line.

(X-ray Absorption Near Edge Structure) region the electrons from the inner shells are excited

into unoccupied bound or free levels close to the Fermi-energy. The EXAFS (Extended X-ray

Absorption Fine Structure) region above the absorption energy results from electrons, which are

photoionized but cannot be considered completely free as they are still moving inside the poten-

tial well of the neighboring atoms and are scattered within this potential. The interference of the

scattered electrons results in the observed fine structure of characteristic oscillations above the

absorption edge.

The information gained from these two regions are extracted by different approaches. The model

to describe the XANES region is presented in section 2.3.1 in more detail, while the fitting and

interpretation of the EXAFS region is described in section 2.3.2.

2.3.1. X-ray Absorption Near Edge Structure

The XANES region of the absorption spectrum is ranging from approximately 30 eV below E0 to

roughly 50 eV above the edge [Kon88]. It is difficult to define the exact range, because a clear

separation of the XANES and EXAFS regions is not possible due to the strong sensitivity of the

edge shape on the local coordination of the absorbing atoms. A rough estimate of the border

between the XANES and the EXAFS regime is the similarity of the photoelectron wavelength and

the distance to the next neighbors of the central atom.
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Figure 2.8.: Mn-K absorption edge spectra (black) and the corresponding first derivatives (red) of

reference manganese oxides (Left: MnO2, right: KMnO4). The vertical dashed line marks the edge

energy determined from the maximum in the derivative of the edge spectra.

In Fig. 2.8 an example of the correlation between the pre-edge shape and the local coordination

is depicted using the normalized absorption spectra of the Mn-K edge of two different manganese

oxides (black) and their first derivatives (red). In MnO2 (left frame) the Mn4+ ions are coordinated

octahedrally, while in KMnO4 (right frame) a tetrahedral coordination of the Mn7+ ions is found.

This results in a higher intensity of the pre-edge peak for KMnO4 [Cha08], which is ascribed to

usually forbidden transitions between s (l = 0) and d (l = 2) orbitals. Due to the breaking of the

local inversion symmetry the transition becomes possible. The smaller pre-edge feature found in

the absorption spectrum of MnO2, on the other hand, is resulting from quadrupole contributions

to the transition into 3d states at the absorption edge [Far05].

The observed fine structure in the XANES range is the result of the transitions of electrons from

inner shell states into unoccupied electronic levels close to the Fermi-energy [Kon88]. The tran-

sitions to bound levels (usually d and p states) close to EF are described as discrete and resonant

processes. In addition, excitations into the free and unbound states as well as into contiunuous

bands are possible. In transition and rare-earth metals the corresponding dipole-allowed transi-

tions at the LII,III edges (2p1/2,3/2 → 3d,4d) appear as broad intense peaks denoted white lines.

The resonant excitations cause Lorentz-shaped peaks in the absorption spectra. The FWHM

of these peaks is determined by the mean lifetime of the involved electronic states and their area

is determined by the transition rate between those levels. The transition rate is resulting from a

matrix element between the initial and final state of the many electron system and is calculated
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from Fermi’s Golden Rule (see e.g. in Ref. [Sch90]). The transition into the continuum is modelled

by an arctangent function. The XANES is dominated by the contributions of multiple scattering

in contrast to the EXAFS oscillation, which is predominantly formed by single scattered electrons

[Reh00, Goe06].

The modelling of the near-edge structure can be performed by using band-structure calculations

including a local-density approximation (LDA). The obtained density of states close to EF reflects

the measured absorption edge. It is recommended to start with a single-electron approximation

since the solution of the quantum-mechanical equations could be considered as the product of

single-particle wave functions. Alternatively in real-space approximations the scattering contri-

butions in atomic clusters are calculated, which simulate the local environment of the absorbing

atom. The pre-edge peaks can therefore be modelled by varying the number of atoms in the clus-

ters or minor changes of the symmetry of the neighboring atoms. In these methods the single atom

approximation is replaced by a multi-electron model, which is resulting in simulated absorption

spectra very close to the measured data [Kon88].

In addition to the study of the local coordination of the absorbing atom its valence can be de-

termined from the analysis of XANES spectra. This is the major use for the XANES analysis

in this work, since the local geometry usually does not change significanty by substitution in the

investigated samples. The edge position sensitively reacts on the oxidation state of the absorber

ion, an effect called “valence shift”. Higher valences increase the ionization energy, because the

reduced number of valence electrons in the atomic shell decrease the screening of the core elec-

tric field. The edge position is also varied by the chemical nature of the ligands, for example,

by a replacement of oxygen by nitrogen. This effect is called “chemical shift”. The correlation

between oxidation states and energy positions is done using reference materials with comparable

coordination of the absorbing atom.

The valence determination was performed by the investigation of the first derivatives of the

measured spectra. For the K-edges the inflection of the absorption edge defined as threshold energy

E0 is found as the first maximum in the derivative. This energy is marked by vertical dashed lines

in the Mn-K example spectra in Fig. 2.8. The shift between the sample oxides MnO2 (Mn4+)

and KMnO4 (Mn7+) is roughly determined to 5.5 eV, however, the octahedral and tetrahedral

coordinations strongly influence to this value. For similar coordinations this method is accurate

and the shift is typically linear with changing valence. In addition, the pre-edge feature can be

investigated. From this the valence is determined by a rather complex modelling of the peak

shape. Due to this elaborate fit and the often low intensity of the pre-edge peak this method is less

accurate and was not used for this work.

The K-edge spectra were background corrected by subtracting a linear function which was de-

termined from the pre-edge range and extrapolated for the entire measured energy range. After

this background subtraction the spectra were normalized using a prominent region in the EXAFS

part found for all investigated substances as reference. The value of the first maximum of the

derivative was taken as energy value for the absorption edge.

For the Ru-LIII edge a slightly different approach was used. Since the L-edges are dominated

by the very intense white lines, it is reasonable to use their energy positions in the determination
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Figure 2.9.: Left: Ru-LIII XANES spectrum of La2RuO5. Right: First derivative of the spectrum. In

both frames the corresponding fit results with the two pseudo-Voigt and arctangent function contribu-

tions are shown. For details see text.

of the oxidation states as described in Refs. [Ebb98, Ebb01, Goe06]. In Fig. 2.9 the normalized

absorption spectrum of the Ru-LIII edge of La2RuO5 is depicted in the left frame. The two intense

absorption peaks correspond to the 2p → 4d transitions. The double peak structure is caused by

the eg–t2g splitting of the 4d orbitals in an octahedral crystal field. The peak at lower energies

can therefore be assigned to the transition into the t2g like states, while the peak at higher energies

corresponds to the transition into eg orbitals. The edge features can be modelled in a least square

fit using two pseudo-Voigt (pV1 and pV2) and an arctangent function. The resulting fit curves are

depicted in the left frame of Fig. 2.9. The pV functions simulate the transitions in the 4d levels (i.e.

the white lines), while the arctangent is corresponding to the general egde jump. A better energy

resolution is achieved by fitting the first derivatives of the spectra in the range between 2830 eV

and 2848 eV as shown in the right frame of Fig. 2.9. The background correction, normalization,

and the calculation of the derivative were performed similar to the K-edge analysis. The program

WinXAS [Res97, Res98] was used for the data treatment and the least-squares fit.

2.3.2. Extended X-ray Absorption Fine Structure

The EXAFS region starts at approximately 50 eV above the absorption edge and ranges to the

energy at which the oscillations cannot be distinguished optically from the background. This is

usually the case between roughly 1000 eV and 1500 eV above E0 (see Fig. 2.7). In this region the
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Figure 2.10.: χ(k) (solid) and k3-weighted χ(k) (dashed) obtained from the Ru-K absortion spectrum

of PrCu3Ru4O12 (see Fig. 2.7).

electron excited from the absorber atom can be considered quasi-free and the oscillations are the

result of scattering processes in the potentials of the neighboring atoms. Therefore, the electrons

can be treated as wave packet with a wavevector according to [Teo81]:

k =
2π
λ

=

√
2me

h̄
(E −E0) . (2.26)

The electron mass is denoted me and λ is the de-Broglie wavelength. The ionization energy E0 is

subtracted from the total energy E resulting in the kinetic energy of the free electron.

Because of the interference of the emitted and backscattered electron waves, a pattern emerges

from wavelength dependent destructive and constructive interference giving rise to the EXAFS

oscillations. In contrast to the XANES regime the EXAFS signal is dominated by single scattering

processes [Reh00].

The oscillations in the EXAFS spectra can be modelled analytically by a pair of absorber atom

and scattering atom [Lee75]. For this the function χ(k) was obtained from the measurement

data utilizing the VIPER program [Kle01]. The pre-edge background was determined by fitting

a polynomial function with coefficients x−3 and x1 to the pre-edge region. After subtraction of

this background the spectra were normalized using approximately the same part of the EXAFS

region as reference for all samples resulting in μ(E). The atomic absorption coefficient μ0 was

obtained from a smoothing spline fit of the post-edge region. The subtraction of μ0(E) from μ(E)
and subsequent normalization by the edge jump Δμ0 results in the EXAFS function χ(E). Finally

χ(E) was transformed to the k-scale according to Eq. 2.26 using the threshold energy E0, which

is the first maximum in the first derivative of the normalized spectra.
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In Fig. 2.10 the obtained χ(k) of the Ru-K absorption edge of PrCu3Ru4O12 is depicted as solid

black line in the k-range between 2 Å−1 and 20 Å−1. Since the oscillation amplitudes decline

strongly with increasing k, χ(k) is weighted by a factor of kn (n = 1,2,3) to emphasize the high

energy region. The k3 weighted χ(k) is shown Fig. 2.10 as red dotted line.

The theoretical description of the EXAFS function is a sum of analytical functions for pairs

of central absorber and scattering atoms [Reh00, Kon88, Teo81] for each coordination sphere j
according to:

χ(k) = ∑
j

S2
0 ·

Nj| f j(k)|
kR2

j
· exp(−2k2σ2

j ) · exp

[−2R j

λ (k)

]
· sin[2kR j +2δ j(k)+Φ] . (2.27)

Each summand in Eq. 2.27 represents one specific element, i. e. if the same coordination sphere is

occupied by atoms of two different elements two individual functions have to be used in the sum

to calculate the correct χ(k). l is the angular momentum quantum number and Nj (degeneracy)

represents the number of identical backscattering atoms in shell j. S2
0 is ascribed to the amplitude

reduction of the backscattered intensity. R j is the distance between the atoms in the jth coordina-

tion shell and the absorber atom. The function f j(k) describing the backscattering intensity is in

more detail written:

f j(k) =
m

2π h̄2k
· t j(2k) , (2.28)

where the corresponding t j(2k) are the modelled amplitude functions for the scattering. The

Debye-Waller factors σ2
j are describing the thermal displacement of the atoms or lattice phonons

in harmonic approximation. The mean free path λ (k) of the photoelectron in the sample is k-

dependent due to the contributions from the electron-electron scattering. The sum of the central-

atom partial-wave phase shifts is denoted δ j(k), while Φ represents the phase factor of f j(k). The

phase shift comprises contributions from the emission of the electron from the absorber atom po-

tential, from the scattering process in the neighboring atom, and from the reentering of the electron

in the absorber potential.

This theoretical description of the EXAFS function is valid for a small-atom approximation, i.e.

the distance to the first backscattering shell is smaller than 0.5 Å, which is in turn corresponding

to k = 2 Å−1. Thus, the relevant EXAFS range is located above this k-value as indicated in

Fig. 2.10. By adding more sophisticated approximations this lower border can be treated element

specific, especially for larger distances as, for example, required for larger ions like the lanthanides

[Kon88].

The theoretical amplitude functions and phase shifts were calculated using the program FEFF8

[Ank98]. The crystal structure obtained from x-ray and/or neutron diffraction were used as starting

models.

The Fourier transformation of the EXAFS function back to real space results in the radial dis-

tribution function RDF, in which the backscattering shells are represented by peaks, whose inten-

sities are depending on number, element, and thermal-displacement factors of the atoms in the

shell. Since the borders of the EXAFS function are usually discontinuous, it is recommended to
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Figure 2.11.: Fit of the Fourier transformed k3-weighted χ(k) obtained from the Ru-K edge absortion

spectrum of PrCu3Ru4O12.

use e.g. a Bessel-window function to suppress artificial satellite peaks in the resulting modified

radial distribution function mRDF. The transformation to the mRDF is processed according to:

mRDF = FT [χ(k) ·b(k) · kn] =
1√
2π

kmax∫
kmin

d(2k)χ(k) ·b(k) · kn · exp(i2kR) , (2.29)

where R is the distance to the backscattering atom and b(k) is the Bessel-window function. The

mRDF is more suitable to intuition due to its real-space character. It is, therefore, more comfort-

able to use it for the fitting process. The result for amplitude and phase-shift fit of the four closest

shells in PrCu3Ru4O12 is depicted in Fig. 2.11, a more detailed analysis is described in Sec. 6.2.2.

It has to be mentioned that the peak-maxima positions are not identical with the real-space dis-

tance of the backscattering atoms due to the k-dependence of the phase shift δ j(k). This phase

shift results in a systematic reduction of roughly 0.2 Å - 0.5 Å [Goe06].

The fit of the χ(k) functions was performed utilizing the program WINXAS [Res97]. More

details of the EXAFS data fitting and the interpretation of the results are presented in Secs. 5.1.1.2,

5.1.1.3, and 6.2.2.

2.3.3. Measurement of the X-ray Absorption Spectra

The x-ray absorption spectra were recorded at the synchrotron-radiation facility HASYLAB (Ham-

burger Synchrotron Laboratorium) of DESY (Deutsches Elektronen Synchrotron) in Hamburg. At
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Figure 2.12.: Setup of the X1 beamline at HASYLAB [HAS12]. Incoming from the right, the incident

beam passes the entrance slit, the Si-crystal double monochromator, the exit slits, and finally the

ionization chambers (ic1−3) with sample and reference in between.

the beamlines E4 and A1 energy ranges between approximately 2.5 keV and 10 keV were available

and at beamline X1 radiation energies above roughly 6 keV and up to 80 keV could be achieved.

The synchrotron ring DORIS III used positrons with 4.44 GeV energy and a beam current of up to

140 mA. The radiation for the beamlines was similarly branched off at different bending magnets.

In Fig. 2.12 a sketch of a setup of the beamline X1 is shown [HAS12].

White synchrotron radiation from DORIS III passes the Si single-crystal double-monochromator

to adjust the photon energy for the measurement [Kro84]. To suppress higher harmonics the

monochromator is detuned by moving the second crystal to approximately 60 % of the maximum

in the diffracted intensity. The large measured energy range from 2.8 keV (Ru-LIII) to 43.5 keV

(Nd-K) was available due to the use of differently oriented Si monochromator crystals (111),

(311), and (511). The samples were placed between the ionization chambers ic1 and ic2 and the

absorption spectra were measured in transmission mode (Fig. 2.12). Metal foils as references were

placed between the ionisation chambers ic2 and ic3 and measured simultaneously. The reference

spectra were used for energy calibration of the sample spectra in the subsequent data analysis.

In Tab. 2.1 the measurement parameters are listed. The ionization chambers were filled with

different mixtures of nitrogen, argon, and xenon according to the edge energies in order to obtain

high counting rates while keeping the absorption low. To obtain spectra of good quality, it is

recommended to absorb 20% of the initial beam intensity in the first ionization chamber and

roughly 50% of the correspondingly transmitted intensities in each of the other two chambers.

The samples were prepared by mixing appropriate amounts of the oxide powders with approx-

imately 20 mg of organic material (e. g. cellulose or polyvinyl alcohol) and pressing this mixture
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Table 2.1.: Elemental absorption-edge energies and measured EXAFS ranges used for this work.

Edge Energy (keV)[Bea67] Monochromator EXAFS range (keV) Δk (Å−1)

Ru-LIII 2.873 Si(111)

Ti-K 4.966 Si(111)

La-LIII 5.483 Si(111) 5.503 - 5.895 0.05

La-LII 5.891 Si(111)

La-LI 6.266 Si(111)

Mn-K 6.539 Si(111)

Sm-LIII 6.716 Si(111) 6.736 - 7.310 0.055

Gd-LIII 7.243 Si(111) 7.263 - 7.390 0.056

Dy-LIII 7.790 Si(111) 7.810 - 8.585 0.05

Cu-K 8.978 Si(111) 9.010 - 10.000 0.05

Ru-K 22.117 Si(311) 22.160 - 24.000 0.05

La-K 38.925 Si(511) 38.970 - 40.000 0.04

Pr-K 41.991 Si(511) 42.030 - 43.100 0.04

Nd-K 43.569 Si(511) 43.620 - 44.800 0.04

in pellets of 13 mm diameter. Alternatively some milligrams of sample powder were glued on ad-

hesive tape which can be assembled in several layers. As a rule of thumb, a Δμ of approximately

1 at the edge should be obtained. In the case of strongly absorbing samples lower values for Δμ
were found and could be adjusted by e.g. the use of less sample material.

The measurement was divided in three regions or steps. In the pre-edge region the step width

could be chosen wider since this region was only used for the background determination. The

absorption edge itself was measured in fine steps and increased (doubled or tripled) integration

times per data point. The EXAFS region was recorded using equidistant k-space steps of roughly

0.05 Å−1 (see Tab. 2.1) and a linear increasing integration time with increasing k to enhance the

signal to noise ratio.

2.4. Magnetic Properties

This section is giving a brief introduction of investigated magnetic properties and measurement

methods. A more detailed overview on magnetism in solid materials can be found in literature

(see e.g. Refs. [Kit91, Lue99]).

Unpaired electrons in the valence shells of the atoms give rise to a paramagnetic moment, which

can be influenced by external magnetic fields. In solid materials cooperative effects can occur

due to exchange interactions. Three types of three dimensional (3D) magnetic cooperation are

commonly found and ordering is characteristically emerging below specific phase transition tem-

peratures. The magnetic moments of the atoms can align parallel to each other (Ferromagnetism).
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In contrast, they can order antiparallel and compensate each other (Antiferromagnetism), or they

only partly compensate due to aligned magnetic moments with different absolute values (Fer-

rimagnetism). Furthermore, magnetic ordering phenomena of lower dimensionality, 1D or 2D,

can be observed, but these have to be described with more complex models. For these order-

ings also characteristic transition temperatures are found, however, the observed behavior below

this temperature often strongly deviates from the ground-state properties of 3D ordered systems

and is very specific for each of those systems. This lower dimensionality in magnetic ordering

is strongly influenced by the crystal structure. Due to structural features like, for example, lay-

ered structures, the exchange interaction strength in one or two directions are disproportionally

increased compared to the other directions and, thus, the 1D or 2D ordering can occur. In this

section the analysis of the paramagnetic part of the susceptibility data and experimental details

are introduced, while the specific investigations of the magnetic properties at low temperatures are

discussed in the corresponding sections below.

The sum of the atomic magnetic moments μ per volume is the magnetization �M. In an isotropic

material the magnetization vector either follows the external magnetic field �H (paramagnetic) or

turns into the opposite direction (diamagnetic). The field-dependence of the magnetization can

be described by the introduction of the magnetic susceptibility χ , which acts as a dimensionless

tensor according to:

�M = χ · �H . (2.30)

The Curie-law

χ =
C
T

= μ0 · NAμ2

3kBT
and C = μ0 · NAμ2

3kB
(2.31)

describes the thermal behavior of the susceptibility of a paramagnetic material. NA is the Avogadro

constant, μ0 is the vacuum permeability, and kB is the Boltzmann constant. Preconditions for the

Curie law are a temperature indepent μ and a weak external magnetic field. For these conditions

the equation is valid for adequate high temperatures. In many cases the Curie-law becomes invalid

at lower temperatures due to magnetic correlations and ordering effects, which start to dominate

the thermal fluctuations of the paramagnetic moments.

For a typical paramagnetic material, the measured temperature dependent susceptibility χ can

be approximated by the Curie-Weiss law:

χmol =
C

T −Θ
+χ0 , (2.32)

where Θ takes into account local ferro- or antiferromagnetic interactions. The sign of Θ is positive

in case of a ferromagnetic interactions and negative for antiferromagnetic ones. Contributions

of the sample holder, possible Van-Vleck or Pauli-paramagnetism, and the diamagnetic moment

of the paired electrons are included by the temperature independent term χ0. From a fit of the

experimental susceptibility data the parameters χ0, Θ and C are obtained. Usually the inverse

susceptibility 1/χ is used for the fitting process, since an almost a linear temperature dependency
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is observed, which allows a better optical check of the fit quality. The effective magnetic moment

μeff is related to the Curie constant by Eq. 2.31. The equation is simplified by inserting the values

of the constants to:

μeff =

√
3kBC
μ0NA

=
√

4π ·C ·0.79773 (μB) . (2.33)

The effective magnetic moment is frequently also denoted neff, which is the number of units of

Bohr magnetons μB per magnetic ion. The obtained values for μeff and Θ are compared to theoret-

ical values to investigate paramagnetic properties and possible correlation effects resulting from

the magnetic exchange interactions.

The effective paramagnetic moment of a free atom or ion is calculated according to:

μeff = g ·
√

J · (J+1) . (2.34)

For lighter atoms S is defined as the total spin S=∑i si and L as the total orbital angular momentum

(L = ∑i li) of the compound. In case of a weak crystal field the coupling of spin and orbital

momentum (LS-coupling) results in the total moment J. Due to the different possible couplings

of S and L terms a multiplet with 2S + 1 levels emerges for J. Usually only the ground state

J described by the term symbol 2S+1LJ has to be taken into account due to the level splitting.

The occupation of the electronic ground state occurs according to the three Hund’s rules. The

dimensionless Landé g-factor describes the contributions of spin and orbital angular momentum

according to:

g = 1+
J · (J+1)+S · (S+1)−L · (L+1)

2J · (J+1)
. (2.35)

For the rare-earth ions this model is a rather good approximation taking into account that the

partly occupied f shells are determining the magnetic properties. These f states are only weakly

influenced by the crystal field resulting in quasi free ions.

However, in the 3d and 4d elements the crystal field in most cases supresses the angular momen-

tum. For this case the g-factor3 obtained from Eq. 2.35 is 2 and the “spin-only” scenario simplifies

Eq. 2.34 to:

μeff = 2 ·
√

S · (S+1) . (2.36)

Measurements of magnetic properties were performed using a super-conducting quantum-inter-

ference device (SQUID) magnetometer (MPMS-XL by Quantum Design). The magnetometer

bases on a superconducting ring with a Josephson contact as a weak link. The method is very

sensitive, changes of the magnetic susceptibility in the range of 10−8 emu/mol can be detected.

The measurement is performed by moving the magnetized sample through the superconducting

ring with a certain number of steps and detecting the change of the magnetic flux. The Josephson

effects (DC and AC) cause a changing amount of flux quanta h/2e depending on the external

3For comparison: Experimental gyromagnetic factor for electrons g ≈ 2.0023 [Odo06].
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magnetic field and the magnetization of the sample. A more detailed description is, for instance,

given in Ref. [Lue99].

From the measured magnetization data (Msample and Msampleholder) the magnetic susceptibility is

derived according to:

χmol =
Msample −Msampleholder

H
· M

m
. (2.37)

The external magnetic field H, the sample weight (m), and its molecular weight (M) are used

to calculate the susceptibility according to Eq. 2.37. To obtain a good signal with low noise

the sample weight was approximately 50 mg to 100 mg. The samples were filled in gel-capsules

which were positioned in the magnetometer inside a plastic tube. The magnetization of this sample

holder usually amounts to values well below 10−5 emu/mol, which is significantly smaller than

the sample magnetization. Therefore, the correction could be neglected for this work. The used

unit for χ in this work is the electromagnetic unit (emu) and the magnetic field is given in Oersted

(Oe). Both are cgs-units and widely used to describe experimental findings in literature.

The measurements were performed with a constant external field (DC-measurement) either un-

der field cooled (fc) or zero-field cooled (zfc) conditions. In the fc mode the sample is cooled

within the static external field, while in the zfc mode the sample is cooled to the starting tem-

perature without external field, which is switched on afterwards. Fc and zfc conditions lead to

deviating magnetizations if specific ordering phenomena occur. This is, for example, the case for

spin glasses, in which no well-defined spin arrangement can be achieved. Instead, the magnetic

moments remain partly disordered showing a typical relaxation behavior similar to the glass state

of a supercooled liquid. To investigate the relaxation properties, additional AC-magnetic field

measurements are performed. For example, frequency dependent shifts of the emerging peak in

the (zfc) data characterize a spin-glass phase [Bin86, Myd93].

2.5. Thermal Properties

To study the oxygen stoichiometry, thermogravimetric (TG) measurements were performed. Mag-

netic and structural phase transitions were investigated utilizing differential-scanning calorimetry

(DSC) and specific-heat (Cp) measurement-techniques.

The thermogravimetric determination of oxygen stoichiometries is especially useful for oxides

of noble metals since these can easily be reduced to the corresponding metals in e.g. forming gas

(H2/N2 or H2/Ar mixtures) [Osw85, Osw88, Ben90]. However, the method requires the knowledge

of the exact composition of the final products. The obtained final products are usually noble

metals (for example Cu, Ru) and binary metal oxides, which are highly stable at high temperatures

in reducing atmosphere (for example TiO2, La2O3). Reasonable weight losses are required to

decrease the error range of the method. Therefore, the amount of starting material has to be

chosen according to the expected weight loss. In addition, the sample morphology plays a role,

which e.g. is reflected by the characteristic onset temperature of the weight reduction. A sample

with larger grains usually shows a higher onset temperature, since the sample surface reacting with

the reducing gas is considerably smaller compared to e.g. a nanoscaled powder.
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Figure 2.13.: Measured baseline of the platinum crucibles of the used TA-Instruments 2950 ther-

mobalance (solid black line) and a polynomial fit of the curve (dashed red line).

For the TG measurements thermobalances model Q500 and 2950 from TA-Instruments were

used. Approximately 50 mg of sample powder were heated in uncovered platinum crucibles with

a constant rate of 10 K/min from room temperature to 950◦C. This temperature was held for

15 min before the sample was allowed to cool down to room temperature. A gas flow of 70-80

ml/min forming gas (5%H2 in N2) through the balance was applied. A baseline measurement was

performed to study the temperature-depending weight-change of the crucible during the heating

process. The density of the atmosphere in the balance changes with temperature and convective

flows occur, which causes a change of the crucible’s buoyancy. This buoyancy variation has to be

corrected in the sample-weight measurements. A small amount of dry Al2O3 (roughly 40 mg) was

placed in the crucible for the baseline measurement, which is depicted in Fig. 2.13. The crucible

weight seems to increase with increasing temperature in agreement with the crucible’s decreasing

buoyancy. Although the baseline can be reproduced by a quadratic polynom, which is also shown

in Fig. 2.13 as dashed red line, the correction of the experimental data was done by a simple

subtraction of the measured baseline.

The DSC measures the difference in heat between sample and reference due to their deviating

thermal behavior. Sample and reference are heated simultaneously with a constant temperature

rate and both temperatures are measured during the process. Since the sample has a different

heat capacity than the reference, a difference of the sample temperature compared to the reference

is observed. These differences are most pronounced during phase transitions, like, for example,

the melting or crystallization of the sample material. The melting/crystallization process is a first

order phase transition and, therefore, leads to the absorption/release of latent heat without a change

of temperature. This causes a peak in the DSC curve, which is indicating the endothermal (or

exothermal) process. Thus, crystal structure- or magnetic phase transitions are commonly object
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of DSC studies [Hem89].

Approximately 15 mg of sample powder were sealed in aluminum crucibles and the DSC mea-

surement was performed using a Netzsch F1 Phoenix calorimeter. A similar weight of Al2O3 was

used as reference material. The low-temperature measurement routine was controlled by a liq-

uid nitrogen cooling system. Starting at room temperature, the sample and reference were cooled

down with a constant rate of 10 K/min to roughly 100 K. After a relaxation time of 5 minutes

at this temperature the crucibles were heated to room temperature with 10 K/min. The measured

DSC curves were analyzed using the Netzsch Proteus software. The transition temperatures were

obtained by the determination of peak maxima and onset values of the observed transition peaks.

The specific heat reflects the energy required to increase the temperature of a defined amount

of material by one degree. The applied measurement technique is strongly related to the DSC

method, thus, the heat capacity can be obtained from DSC data analysis. The measurement of

the specific heat of solid materials is used to investigate the contributions of electronic and lattice

heat capacities and additional terms, for example, emerging from magnetic or crystallographic

transitions. In general, the thermodynamic definition of Cp is given by [Tar03]:

Cp =−T
(

∂ 2G
∂T 2

)
p,B

= T
(

∂S
∂T

)
p,B

= lim
dT→0

(
dQ
dT

)
p,B

. (2.38)

The indices p and B indicate that the measurement is performed at constant pressure and magnetic

field. The values of the entropy S were be obtained from the specific heat by the integration of

selected temperature ranges. The intrinsic energy of the system Q can also be determined from the

measured Cp. Theoretical models (Einstein, Debye) are describing the heat capacity at constant

volume Cv without regarding the thermal expansion of the crystal volume. Since in solids the

thermal volume change is rather small, also the difference between Cp and Cv is small up to room

temperature, which reasons the comparison of the measured Cp data with the Cv approaches.

The heat capacity was measured in the temperature range 1.8K ≤ T ≤ 300 K using a physical

property measurement system (PPMS by Quantum Design). The measurement technique is based

on a relaxation method. For this the sample is heated for a short time interval and the exponential

time constant of the temperature relaxation is measured [Las03]. From this value Cp is automat-

ically calculated including further input parameters like the contribution of the sample platform

(addenda) and the sample weight. The addenda of the PPMS was measured in a separate run of

the empty sampleholder with a defined amount of the Apiezon N grease, which was the thermal

coupling medium between sample and sampleholder. The step width for the measurement usu-

ally was 1 K and in the vicinity of observed phase transitions (±15 K) and below 30 K it was

reduced to 0.2 K. For the measurements of the La2RuO5-related samples approximately 10 mg of

the sample powder and 2 mg of polyvinyl alcohol (PVA) were mixed, ground in an agate mortar

and pressed into pellets of 3 mm diameter.4 To obtain Cp of the PVA, a pellet with roughly 5 mg

was measured. This curve was multiplied by a factor regarding the PVA fraction in the mixed

pellet and subtracted from the sample measurement data. This procedure can be used because

4Else pressed and sintered pellets without addings were used for the measurements of the specific heat.
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of the Neumann-Kopp rule [Tar03], which describes the additive behavior of the specific heat of

different materials measured simultaneously.

The lattice contribution to the Cp data was modelled with the program Mathematica 7 applying

a three dimensional Einstein-Debye phonon model. The specific heat of the crystal lattice of solids

results from vibrational modes of the atoms, which can be described as phonon quasiparticles. The

phonon contributions can be deduced from a model of harmonic oscillators. The Einstein model

for the heat capacity assumes a set of oscillators that are vibrating with the same frequency ωE.

Per formula unit consisting of Z atoms a specific heat of

Cv,E = 3RZ
(

ΘE

T

)2
exp(ΘE/T )

[exp(ΘE/T )−1]2
(2.39)

is obtained using this approximation. The Einstein-temperature ΘE is a scaling factor and trans-

forms the frequency to a temperature according to ΘE = h̄ωE/kB (R is the gas constant). In solids

the Einstein-model correctly describes the high-temperature limit, since at this temperatures the

atoms vibrate independently and the Dulong-Petit limit Cv = 3R per atom is almost reached.

In an improved approach Debye included a frequency distribution of the phonons. The Debye

temperature ΘD = h̄ωD/kB is defined analog to the Einstein temperature and the Debye frequency

ωD is linked to the acoustic velocity of the crystal lattice. For simple metals ΘD is inversely con-

nected to the unit-cell volume indicating the relationship of the acoustic velocity and the sample

density. A cutoff wavelength has to be taken into account leading to:

Cv,D = 9RZ
(

ΘD

T

)3 ∫ xD

0

x4 exp(x)
[exp(x)−1]2

dx . (2.40)

The parameter x is defined by x = h̄ω/kBT and the upper limit xD corresponds to the Debye

frequency.

The Debye model describes a continuum of oscillations and lacks the discrete nature of the ma-

terial. It was shown that in addition to the acoustic branches of the Debye model optical branches

are appearing in ω vs. k of discrete materials (k is the propagation vector 2π/L of the wave in the

crystal lattice). This deficit of the Debye model was overcome by the fusion of both models to

the Einstein-Debye model, where the acoustic part is described by one three dimensional Debye

term and the additional optical branch contributions are approximated utilizing the Einstein model

[Tar03, Sin08, Kan10].

A significant contribution of the conduction electrons to the specific heat (denoted γ or Som-

merfeld-coefficient) is only relevant for metallic systems, since its value is directly linked to the

density of states at the Fermi-energy. As a consequence an insulating or semiconducting material

theoretically provides γ = 0 due to the band gap at EF. The Sommerfeld-coefficient can be de-

termined by fitting the low-temperature region of Cp/T vs. T 2 with a Debye T 3 model defined

according to Cp = γ ·T +β ·T 3. This fit also yields a maximal Debye-temperature for the com-

pound, which can be calculated from the parameter β according to ΘD,max =
3
√

12Z ·R ·π4/5β .

This model is valid for T 
 ΘD and can be applied to most materials. However, for the low-

temperature modelling of Cp of superconducting (BCS-model) and magnetically ordered (spin
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excitations) systems additional terms are required. More relevant for this work are contributions

emerging from crystal-field excitations, which are especially observed for lanthanide ions and are

denoted as Schottky-type anomalies.

The magnetic entropy of an ordering transition can be determined from the experimental specific-

heat data. At first the electronic and lattice contributions to Cp are subtracted. The remaining

transition peak is integrated according to Smag =
∫

Cp/T dT to obtain the magnetic entropy Smag.

Using statistical thermodynamics, the magnetic entropy of magnetically ordered systems with a

spin S amounts to Smag = R · ln(2S+1) , which will be described in detail for the special cases in

the respective sections below.
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3. Basics of the Density-Functional Theory and
a Brief Introduction to FPLO

In this chapter the basics of density-functional theory (DFT) calculations and electronic band-

structure investigations are outlined, but only as far as it is necessary concerning this work’s re-

sults. The DFT calculations are basically used in this thesis to support the experimental results

with theoretical models and conclusions. For this purpose, calculations with simplified models

have been carried out to gain information on theoretical origins of observed physical effects by

examination of the electronic band structure. A more detailed theoretical study is not taken into

account in this work, since it would by far exceed the scope of this thesis, which is mainly focused

on experimental work.

First, a brief general introduction of the density-functional theory as described by Kohn and

Sham will be given in this chapter. The main section describes the local density approximation

(LDA) and the local spin-density approximation (LSDA), which are used in this work. With these

models a calculation of electronic band structures and the density of states (DOS) is possible. The

modelling of the La2RuO5- and the CaCu3Ti4O12-related compounds with these approximations

is described in this chapter and the interpretation of the obtained results will be presented in the

subsequent chapters 4, 5 and 6.

Since the La2RuO5 and the CaCu3Ti4O12 related compounds are semiconducting oxidic mate-

rials and show electronic correlations, LDA and LSDA are not sufficient to completely describe

the observed effects, which are mainly caused by the exchange interaction of electrons in 3d, 4d,

and 4 f orbitals. These interactions may better be described using e.g. LSDA+U or DMFT ap-

proaches. However, the results of the basic calculations described in this thesis can be used as a

first benchmark for further investigations.

In the last section of this chapter an introduction to the used FPLO program and the description

how the calculations were performed is given.

3.1. Introduction to Density-Functional Theory

Even for nearly free valence electrons in an ionic lattice the exact determination of the elec-

tronic structure by analytical or numerical methods is impossible, since roughly 1024 electrons are

present in one mole of sample material [Eye00]. These electrons are exposed to Coulomb repul-

sion between them and attraction to the lattice ions with positive charge. The Born-Oppenheimer

approximation allows to separate the modelling of the light electrons from the movement of the

roughly 2000 times heavier ionic cores, which are considered stationary in an equilibriated state
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compared to the fastly moving electrons [Bor27]. The electron dynamics is therefore defined by

their kinetic energy, the potential caused by the ions, and the interaction between the electrons.

The energy eigenvalues of the electrons are given by the time independent Schrödinger equation

(Hψ = εψ) with the Hamilton operator H rewritten as [Eye00]:[
p2

2m
+V (r)+U({n(r)},r)

]
·ψ(r) = ε ·ψ(r) (3.1)

(vectorial parameters are indicated by bold face). This Schrödinger equation cannot be solved ex-

actly, except for the single electron systems like the hydrogen atom. Several approximations were

therefore developed to calculate the electronic structure of the far more complex many electron

systems.

In the DFT approach the energy functional E(n) is minimized introducing n(r) as the electron

charge density. Results of the DFT calculations are ground state energy and the ground state

electron charge density [Hoh64, Tem09]. The electron wavefunction ψ(r1,r2, . . . ,rN) describing

all N electrons on their positions r is replaced by n(r) becoming the variable parameter in the

calculation. Thus, the full solution of the many electron Schrödinger equation is replaced by

the solution of a set of N single-electron equations known as Kohn-Sham functions [Koh65]. The

exact value of E(n) is not known, however it can be approximated by the above reported separation

of the total energy-functional term and the addition of an exchange-correlation term Exc(n). The

Hamilton operator or total energy functional is rewritten as

E(n) = T0(n)+U(n)+Vext(n)+Exc(n) , (3.2)

where T0(n) is the kinetic energy of a non-interacting electron gas with charge density n(r). The

sum of the other three potential terms can be denoted as an effective potential. The electron-

electron interaction term for electrons r and r′ is given by:

U(n) =
∫ ∫ n(r)n(r′)

|r− r′| d3r d3r′ . (3.3)

The external potential energy including electron-ion and ion-ion interactions is written as:

Vext(n) =
∫

n(r)Vion(r)d3r+Eion−ion . (3.4)

The exchange correlation term Exc(n) is containing the functional of the electron-density approx-

imation. The LDA is based on the assumption that each point in space contributes additively to

Exc(n) and εhom is the exchange and correlation energy of a homogeneous electron gas according

to:

ELDA
xc (n) =

∫
n(r)εhom(n(r))d3r . (3.5)

By using two spin densities (one for spin-up and one for spin-down, indicated by the arrows in the

equation) the LSDA functional is given by:

ELSDA
xc (n ↑,n ↓) =

∫
n(r)εhom(n(r) ↑,n(r) ↓)d3r . (3.6)
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Even higher sophisticated functionals can be introduced to increase the calculation accuracy. For

example the gradients of the electron charge density can be added in the generalized gradient

approximation (GGA) according to:

EGGA
xc (n ↑,n ↓) =

∫
n(r)εhom(n(r) ↑,n(r) ↓,∇n(r) ↑,∇n(r) ↓)d3r . (3.7)

In literature a number of alternative models of electron-density functionals are reported, e.g. in

Refs. [Per05, Esc03].

The E(n) minimization is performed by solving a single particle Schrödinger equation for the

effective potential including the exchange-correlation term [Tem09]. Initially a density n(r) is

calculated by the population of the lowest reasonable energy levels (eigenstates ε in Eq. 3.1). In

a self-consistency run the energy is minimized and the density is again modelled by the same

population procedure. This iterative process is performed until the deviation between the input

n(r) and the obtained simulated charge density is below the termination-criteria values set for e.g.

the density and the total energy.

Additional spin-orbit interactions can only be modelled in a relativistic formalism [Tem09]. Of-

ten a scalar-relativistic approximation is used by adding a spin-orbit term acting like a pertubation

to the total energy. However, in this simplification the angular momentum operator is supposed to

act only in a defined region around each atom. Nevertheless, for many systems this approximation

is very accurate and saves calculation time.

It is also reported that the LDA and LSDA methods are lacking accuracy when modelling si-

multaneously itinerant and localized electrons, which is especially the case for d and f electrons

[Tem09]. The localization of d electrons in transition metal compounds is often underestimated

and the existing band gaps are commonly too small or even not existing in LDA. The LSDA

method improves the result accuracy, however often wrong magnetic ground states are found. The

correlation of the f electrons in the screened core shell usually pins the very narrow f bands close

to the Fermi level, which is not reasonable due to the required separation of occupied and empty

states. This problem can be partly overcome, for example, by adding a scaling energy term to

the ELSDA
xc functional (OP scheme [Eri90]) or an on-site repulsion Hubbard-U term leading to the

LSDA+U methods. They are completed by a double counting term, which is needed for correc-

tion of already included exchange interactions to avoid a double counting of them. However, the

adding of the U and the double-counting term requires experience or several trials to find a rea-

sonable value for correction, since the starting values are not known. Usually an estimation for U
is determined from photoemission experiments and further refined during the calculations.

3.2. Introduction to the Code Package FPLO and the Performed
Calculations

The DFT calculations of this work were performed with the full-potential non-orthogonal local-

orbital minimum-basis program code FPLO 7.00-28 [Koe99, Opa99]. The input files were created
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using the auxiliary editor “fedit”. The crystal structure data including the space group, cell param-

eters and atomic positions were saved in a structure file “=.in” (all input data) including the crystal

structure file “=.sym”. The program is accessing this “=.in” file during the start of the modelling

process.

The FPLO code is using a self-adjusting minimum basis consisting of an initially provided

mixture of core and valence states for each element. For example, the used valence and semi-

core states of Ru are 4s4p5s6s4d5d5p and the energetically lower lying states are treated as

core states, which do not contribute to the chemical bonding properties. For oxygen respectively

1s2s3s2p3p3d valence and semi-core states are used. To avoid infinite contributions of those states

a compression factor which is linked to the nearest-neighbor distance is introduced and optimized.

The minimum-basis is an advantage since it reduces the numerical effort and hence computation

time, however, the accuracy of the results is still comparable to alternative full-potential codes

[Koe99].

The applied crystal potential in a regular lattice defined by R+ s (R is a Bravais-vector and s is

a basis vector of the unit cell) is written as the sum of local potentials:

v(r) = ∑
R+s,L

vs,L(|r−R− s|) YL(r−R− s) . (3.8)

The terms YL are the spherical harmonics and the sum over L = lm converges applying a cut-off

Lmax. The local potentials vs,L are achieved by utilizing a non-orthogonal local-orbital represen-

tation, which is resulting by a partition of unity. Thus, also the electron charge density has to

be divided in the local densities of net (or on-site) and overlap contributions. For the density a

one-dimensional shape function is used, while the decomposition of the non-linear exchange and

correlation potential requires a three-dimensional function fs. Due to the required overlapping of

the shape functions so called “Voronoi cells” are used [Opa99], which are very efficient, since the

function is a finite sum on sites where the cells overlap. Similarly to the potential the electron

charge density can be obtained as a lattice sum of site densities according to:

n(r) = ∑
R+s,L

ns,L(|r−R− s|) YL(r−R− s) . (3.9)

The Hartree potential is evaluated with the Ewald method applied to all multi-pole components,

the local part remains and the Fourier-transformed contributions are again partitioned equally to

the density. Then a partial combination with the ion-ion Coulomb potential is performed, which

leads to the localized potentials vs,L including the exchange and correlation term per unit cell

written as [Koe99]:

Exc(n) = ∑
s

∫
dr fs(r− s) n(r) εxc(n(r)) (3.10)

(εxc are the exchange and correlation eigenvalues).

The local functions are represented on a radial mesh with some small (but nonzero) radius

[Koe99]. For the calculation the radial functions are interpolated on the either logarithmic or

power law spaced mesh. The determination of the on-site values of overlap, Hamiltonian matrix
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elements, and total energy expressions is performed using radial integrations. The three dimen-

sional integration of the two-site matrix elements is reduced to two dimensions by the application

of the angular momentum operator and the rearrangement of the formulas, which reduces the

number of needed calculation operation steps. Thus, the accuracy of the mesh point determina-

tion is < 10−6 Hartree and the overlap integrals and densities are deviating with respect to the

normalization below 10−6 [Koe99].

The resulting energy values, magnetic monents, and occupation factors were taken from a gen-

eral output file. The density of states (DOS) was given orbital dependent with respect to the basis

as a total sum and for each site separately. The band-structure results were plotted by the auxiliary

application “bandplot”, which is linked to the fedit editor.

The above mentioned use of an additional Hubbard-U on-site repulsion-term is also accessible

with FPLO and described in detail in [Esc03a]. For this work this detailed investigation technique

was not used due to the limited time, however, the obtained basic results could be improved by

using this method in future works.
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The first two reports concerning La2RuO5 were published rather shortly after each other. The first

publication by Khalifah et al. [Kha02] described the synthesis of polycrystalline material using

the solid-state reaction of a stochiometric mixture of La2O3 and RuO2. The crystal structure was

obtained by Rietveld analysis of the neutron diffraction data for a high- (ht-) and a low-temperature

(lt-) phase with a transition temperature Td of roughly 160 K. The structural transition was found

to be accompanied by interesting changes of different physical properties. Especially a dramatic

reduction of the magnetic susceptibilty in the lt-modification was observed and its origin was

discussed. In addition, the electric conductivity changes at the transition temperature, however,

both modifications provide semiconducting properties. Using inelastic neutron-scattering data,

the opening of a spin-gap of approximately 40 meV was described for the lt-phase. The second

publication by P. Boullay et al. [Bou03] reported the detailed crystal structure obtained by the

analysis of x-ray and selected-area electron-diffraction data. Further aspects concerning the exact

composition and oxidation states were included to corroborate the structural data.

The detailed structural analysis of both phases by powder neutron diffraction was described

in Ref. [Ebb05]. Further publications reported on the electronic conductivity and specific heat

[Mal05], the local surrounding of the Ru-site and the Ru valence derived from x-ray absorp-

tion spectroscopy [Arc07]. The reduction behavior and the oxygen stoichiometry was studied in

Ref. [Ben05]. From experimental results [Kha02, Kho05] and DFT calculations applying dif-

ferent models for the electron-density approximation [Eye06, Wu06, Eye07] an orbital-ordering

mechanism was identified as the cause of the phase transition. The general occurrence of orbital

ordering was previously predicted by Hotta et al. [Hot02] for single layered RP-ruthenates, which

are structurally related to La2RuO5. For the strongly decreased lt-phase magnetic susceptibility

Khalifah et al. [Kha02] assumed a quenched Ru spin moment (S = 0) induced by an energy split-

ting of the t2g orbitals due to symmetry reduction. Alternatively, the formation of a two-leg spin

ladder with rungs of antiferromagnetically coupled Ru S = 1 spin-moments was discussed and is

favored by the DFT calculation results. The spin-ladder formation was further supported by the

found changes of interatomic distances between ht- and lt-phase, which provide alternating long

and short distances between the Ru ions [Ebb05], which also fits to a spin-Peierls like transition.

Furthermore, by muon-spin rotation measurements Blundell et al. [Blu08] showed that the local

S = 1 moment for the Ru ions is conserved in the lt-modification. This finding was supported by

Moon et al. [Moo08] and Wu et al. [Wu08] using infrared spectroscopy due to a shift of the spec-

tral weight at the absorption edge caused by the structural transition. In addition, Rivas-Murias

et al. [Riv11] showed by thermal conductivity studies that the S = 1 is conserved in the lt-phase.

Soares et al. [Soa12] found indications of S = 1 below Td in the perturbed angular correlation of
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ABO3.5 (n = 4) ABO )4 (n = 2Perovskite ABO3
La2RuO5ABO3.5 (n = 4) ABO )4 (n = 2ABO )4 (n = 2Perovskite ABO3
La2RuO5

Figure 4.1.: Starting from the perovskite ABO3 (unit cell marked with solid lines in the lower corner)

structure on the left side a cut along the [110]-direction leads to AnBnO3n+2 phases. In the center the

examples for n = 4 and n = 2 are depicted. The La2RuO5 structure on the right side is achieved by a

(formal) insertion of LaO-layers between the LaRuO4-blocks (n = 2). For details see text.

hyperfine interactions obtained by measuring the γ − γ cascade in the decay of diluted radioactive
111In atoms (→111 Cd) added to the sample powder. In addition, Mössbauer spectroscopy proved

the constant +4 oxidation state for Ru in combination with a preseved spin-moment of S = 1

between 4.9 K and 196 K [Hea07].

The diminishing magnetic susceptibility has to be explained taking into account the structural

changes within the LaRuO4-layers caused by the phase transition. Accordingly the transition can

be described applying models for a two dimensional magnetic ordering with a singlet ground

state, which is characterized by almost zero total magnetic susceptibility. The origin of the mag-

netic transition occurring at quite unusual high temperatures has not fully been solved. It is still

questionable if the structural change induces the magnetic transition or if the magnetic exchange

and the resulting orbital ordering forces the crystal lattice to the structural transition. Other al-

ternative or sophisticated models like a spin-Peierls scenario have to be discussed to be able to

explain the experimental results by one basic model.

One- or two-dimensional magnetic oxides providing low-temperature structural transitions with

the formation of a non-magnetic singlet ground state are well known and intensively studied for

S = 1/2 compounds [Has93, Iso96, Iwa96, Ono96, Pic97, Mat96, Kik99, Vas05]. However, there

are only few examples for S = 1 systems with a singlet ground state, because usually 3D long-

range order sets in due to residual interchain or interplane interactions [Yok95, Uch99, Vas04].

From the theoretical point of view the ground state of an ideal uniform antiferromagnetic Heisen-

berg chain with half integer spins is gapless, while in case of integer spins a non-zero excitation-

gap is formed [Hal83]. Nevertheless, even in half-integer spin-chains an energy gap can open if

pairs of neighboring spins dimerize forming a non-magnetic singlet ground state. Spin dimer-

ization accompanied by structural modification is known as spin-Peierls transition [Pyt74] and

sometimes observed in 1D systems. In 2D systems the magnetic ground state crucially depends

on the anisotropy of the exchange with Ising spins exhibiting a long-range ordered state, while
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Heisenberg spins show no magnetic phase transition at finite temperatures. XY systems provide

no conventional long-range spin order but are characterized by the formation of vortex–anti-vortex

pairs as described by Kosterlitz, Thouless, and Berezinskii [DeJ90]. Further complications arise

from the fact that the transition from 1D to 2D is by no means smooth: The ground state of

spin-ladder materials sensitively depends on the number of legs [Dag96].

La2RuO5 is a rare example for a low-dimensional magnetically ordered system providing a sin-

glet ground state as well as a quite unique crystal structure. Therefore, it is very interesting to

study this special compound with respect to its structural details and changing magnetic prop-

erties and to use more sophisticated models to describe the experimental data. A comparison

of the obtained crystal structures for poly- and single crystalline La2RuO5 prepared by conven-

tional solid-state reaction, soft-chemistry routes, and using a flux method is shown. Furthermore,

the results of physical-property measurements (magnetic susceptibility, specific heat, optical and

dielectric spectroscopy) and DFT calculations are discussed. Based on this, the origin of the

magneto-structural phase transition is investigated and a new interpretation of the magnetic en-

tropy change obtained from specific-heat data is provided, which nicely correlates to the results of

the magnetic susceptibility and DFT calculations. This allows a first estimate of the change of the

magnetic Ru–Ru exchange interaction caused by the phase transition.

The main part of the results shown in this chapter base on already published contributions in

scientific journals [Rie11, Rie12a, Rie12b, Rie12c, Rie12d, Rie13a, Rie13b]. The data has been

rearranged to soundly group the results with respect to the investigated samples and properties.

4.1. Crystal Structure

4.1.1. General Structural Description

As mentioned above, La2RuO5 crystallizes in two modifications, a monoclinic phase basically

above Td = 161 K denoted as ht-phase and a triclinic lt-phase below the transition temperature

[Kha02]. The transition was observed in a broad temperature range of roughly 30 K around Td as

well as a complete mixing of both phases indicating a smooth change from ht- to lt- modification.

The structure of a sample synthesized by solid-state reaction was studied earlier by ND at room

temperature and 1.5 K [Ebb05]. Here the Rietveld analysis of x-ray diffraction data measured at

varying temperatures are provided.

A model to describe the complicated structure of La2RuO5 is depicted in Fig. 4.1 as shown in

Ref. [Ebb05]. The description is based on the perovskite ABO3 structure depicted schematically

in the left side of the figure. The BO6 octahedra are represented by squares and the small circles

mark the A cations. The perovskite unit cell is marked by solid lines in the lower corner. By for-

mally cutting the perovskite along its [110]-direction a family of layered structures with the sum

formula AnBnO3n+2 (n > 1) is obtained, where the value of n denotes the perovskite-slab thick-

ness. This structure family as well as the Ruddlesden-Popper layered structures are systematically

described in Ref. [Lic01]. In the center of Fig. 4.1 the example ABO3.5 for n = 4 is shown. Typical

oxides crystallizing in this structure are LaTiO3.5, CaNbO3.5, SrNbO3.5, and SrTaO3.5, which are
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Figure 4.2.: La2RuO5 ht-phase crystal structure (2× 2 unit cells) viewed along a) the a-axis and b)

b-axis. The La ions are represented by turquoise circles, the oxygen ions by red circles and the RuO6

octahedra are drawn in light green. In b) the terahedral coordination of oxygen by La in the LaO-layer

is indicated by dashed lines.

all insulating high-Tc ferroelectrica [Lic01]. By an anionic substitution of oxygen by nitrogen so

called oxynitrides are obtained which provide again a perovskite structure and the sum formula

ABO2N [Agu08, Ebb09]. The structure scheme second from right in Fig. 4.1 shows the resulting

ABO4 for n = 2. For this structure type only fluorides were reported in Ref. [Lic01], however,

the oxide LaTaO4 is an example for this structure type though the octahedra are slightly distorted

[Cav81]. By increasing the slab thickness to infinity (n → ∞) the original perovskite structure is

again obtained.

The La2RuO5 crystal structure is achieved by taking the n = 2 representative ABO4, correspond-

ing to LaRuO4-layers, and formally inserting buckled LaO-layers between the perovskite like

slabs (right side of Fig. 4.1) leading to the overall sum formula La2RuO5 [Bou03, Ebb05]. The

ht-modification crystallizes in the monoclinic space group P21/c with cell parameters a ≈ 9.185 Å,

b ≈ 5.83 Å, c ≈ 7.95 Å, and β ≈ 100.78◦. In contrast, the lt-phase has a triclinic structure (space

group P1̄) with slightly deviating cell parameters a ≈ 9.16 Å, b ≈ 5.81 Å, c ≈ 7.96 Å, α ≈ 89.8◦,

β ≈ 101.1◦, and γ ≈ 91.8◦. In both the monoclinic and triclinic modifications all atoms are located

on general Wyckoff-positions.

In the Figs. 4.2 and 4.3 the crystal structure of La2RuO5 is depicted projected along the three

different unit-cell axes. In Fig. 4.2 only the ht-phase structure viewed along the a- and b-axis

are shown, since the differences between ht- and lt-modifications are almost negligible. The light

green RuO6-octahedra are corner sharing, tilted, and twisted in opposite directions. The projection

along the b-axis (Fig. 4.2b) is more useful to show the layered structure and the monoclinic angle

β , which is distinctly larger than 90◦. Due to the monoclinic angle the neighboring LaRuO4-
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a) b)

La1

La2

a

b

a

b

Figure 4.3.: La2RuO5 crystal structure of 2 × 2 unit cells viewed along the c-axis ( a) ht- and b)

lt-configuration). Color scheme as described in Fig. 4.2. The alternating layering of LaRuO4- and

LaO-layers is indicated by the horizontal dashed lines.

layers are shifted by roughly half of the height of one octahedron. Furthermore, in this projection

the buckled LaO-layers are clearly visible. The site denoted La1 is located in the LaRuO4-layers

and the La2-site in the LaO-layers, respectively. The oxygens in the LaO-layer are coordinated

tetrahedrally by La, i.e. each of these oxygens is connected to one La1 and three La2 [Bou03,

Rie12b]. To illustrate this, two tetrahedra are marked in the top right unit cell by dashed lines.

The best perspective to illustrate the structure is the projection along the c-axis, which is de-

picted in Fig. 4.3. The alternating layering of LaRuO4 and LaO is indicated by the horizontal

lines. In the figure the difference between ht-phase and triclinic lt-phase can be seen. The de-

viation of γ by roughly 2 degrees is clearly visible and the twisting of the octahedra decreases

slightly in the lt-phase. However, in general the differences in atomic positions and coordination

between both phases are still very small. In Fig. 4.3 the sites La1 and La2 are well distiguishable,

illustrating their different position in the layers of the crystal lattice. The zig-zag like arrangement

of the RuO6 octahedra along the b-axis is clearly visible and demonstrates the relationship to the

[110]-phases like, for example, LaTaO4.

In the ht-modification Ru is coordinated octahedrally with Ru–O bond lengths between 1.93 Å

and 2.07Å. The varying distances show that the octahedra are distorted, reflecting an off-center

position of the Jahn-Teller active Ru4+. The La ions (La1 and La2) are coordinated by nine
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4. La2RuO5

Figure 4.4.: La2RuO5 crystal structure viewed along c-direction. La is colored blue, oxygen red and

Ru is represented light grey in the center of the green RuO6 octahedra. The anisotropic displacement

ellipsoids are shown with 90% probability. On the top the LaRuO4 and LaO layering is indicated.

oxygen ions with varying La–O distances between 2.32 Å and 2.96 Å in irregular geometries.

Bond valence sum (BVS) calculations of the ht-phase reveal the expected valences in the LaRuO4-

layers of +3.9 for Ru, +3 for La, and -1.9 for O. The valences of the ions occupying the LaO-layers

amount to values of approximately +3.2 for La and in turn -2.4 for O. This reflects a difference

in the ionic radii matching for the two sites. While La1 in LaRuO4 provides an agreeable size for

La3+, in LaO the La2-sites are too small resulting in a considerable structural stress for these sites.

4.1.2. Single-Crystal X-ray Diffraction

Single crystals of La2RuO5 were obtained from a flux as described in Sec. 2.1.4. Several crystals

were tested on a STOE IPDS-2T single-crystal diffractometer and all turned out to be twins. Nev-

ertheless, a structure analysis was possible due to the partially merohedral nature of the twinning,

which allowed the separation of the diffraction patterns of both twin domains. Overlapping peaks

were omitted in the refinement. The data of the measurement conditions and parameters used for

the refinement as well as the detailed obtained structural data are listed in Tabs. A.3 to A.5 in the

appendix. Unit-cell values very close to the ones obtained from powder x-ray and neutron diffrac-

tion were found [Kha02, Bou03, Ebb05]. The single-crystal analysis also leads to similar atomic

coordinates (Tab. A.4), therefore, the bond lengths and angles of the single crystal are very close

to the results from the neutron powder diffraction.

In Fig. 4.4 the obtained crystal structure is depicted. The ellipsoids represent the anisotropic

displacement factors (Tab. A.5) with 90% probability. Their shape illustratively reflects the possi-
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Figure 4.5.: Crystal structure of the La2RuO5 single crystals including the observed twin law. Top:

View projected along b. Bottom: a-direction projection showing the detailed octahedral arrangement

at the domain border. La are represented by large blue spheres, oxygen by small red spheres, and RuO6

octahedra are colored grey.

ble displacement of the atoms caused by rotations and tilting of the RuO6 octahedral and the La4O

tetrahedral units. The deviating Ru–O bond lengths listed in Tab. A.6 reflect the slightly off-center

position of the Ru-site within the octahedra.

The mentioned twinning of the crystals can be described by the twin matrix (1 0 0.5, 0 -1 0,

0 0 -1). In Fig. 4.5 the crystal structure is depicted including the twinning law, which appears as a

pseudo ab mirror plane (m). The obtained arrangement of the two domains is well describing the

fishbone pattern observed by optical microscopy in grazing reflection since the intergrowth of the

domains influences the reflection property by the formation of a lamellar superstructure.

4.1.3. Sample Morphology

In Fig. 4.6 SEM images of two different La2RuO5 samples are depicted to illustrate the differences

between samples obtained from BaCl2-flux or solid-state synthesis (left) and sol-gel synthesis

(right). The crystallites from solid-state synthesis are distinctly smaller by roughly one order of

magnitude than the shown crystals, however, their shape is very similar. On the surface of the

plate-like and roughly hexagonally shaped crystals (left part of Fig. 4.6) the described fishbone

structures are observable indicating twin-domain borders mentioned above. In the right part of

Fig. 4.6 the characteristic sponge-like morphology of the samples obtained from soft-chemistry

reactions can be seen. The porous structure results from the gaseous reaction products evolving
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Figure 4.6.: SEM images of different La2RuO5 samples illustrating the different morphologies of

single crystals (left) and samples obtained by sol-gel synthesis (right).

during the decomposition of the organic components. Therefore, a much larger surface results

although the particles are comparable in size to the single crystals in the left frame.

4.2. Magneto-Structural Phase Transition

The origin and relationship of the structural changes and concomitant modifications of physical

properties was investigated for pure La2RuO5 as well as for the rare-earth, Ti, and Mn substituted

samples. The basic mechanism deduced for unsubstituted La2RuO5 is described and discussed in

detail in this chapter. The results for the substituted samples are discussed in chapter 5.

4.2.1. Structural Phase Transition

Due to the limited neutron-diffraction beamtime most of the structural investigations were done

using the Rietveld analysis of the x-ray diffraction data. In Fig. 4.7 the excellent agreement of the

measured and Rietveld refined pattern is shown for the polycrystalline La2RuO5 sample obtained

from the soft-chemistry reaction using Ru-NOAc. The high angle region above 80◦ is displayed

in detail in the inset to illustrate the good fit quality in this part. The overall absence of additional

peaks indicates the high phase purity of the sample.

The applied pseudo-Voigt peak profiles are in very good agreement with the measured data

except for the (h 0 0) reflections. In Fig. 4.7 the reflection (3 0 0) is marked by an arrow. Its shape

and intensity cannot be fit satisfyingly because the peak is broader and more asymmetric than

the other reflections. The (h 0 0) reflexes are linked to the layering in the crystal structure along

the a-axis. Therefore, small irregular deviations of the stacking distances cause the broadening

of the corresponding reflections and the by this changing interference conditions affect the peak

intensity.

The differences between ht- and lt-phase crystal structure leads to clear changes in the diffraction

patterns as shown in the synchrotron-radiation diffraction-patterns depicted in Fig. 4.8. In the left
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Figure 4.7.: X-ray diffraction pattern and result of the Rietveld refinement for polycrystalline

La2RuO5 obtained from sol-gel synthesis with Ru-NOAc. The inset shows the 2θ range between

80 and 150◦ indicating the good fit quality.

panel the diffraction pattern (red circles) and refinement result (black solid line) for a measurement

at 300 K is shown, while in the right frame the pattern recorded at 100 K is given. The bragg

positions of both the ht- and the lt-phase crystal structure are marked by the green vertical dashes

and the difference curves of measured data and refinement are drawn as a solid blue line in the

bottom part of the panels. The most intense reflections in the vicinity of roughly 2θ = 10◦ are

slightly split in the lt-phase due to the lowered symmetry. Even more pronounced are the emerging

intense additional reflections at approximately 2θ = 14◦ and 16◦. The different angular range of

the shown synchrotron-diffraction data compared to the laboratory x-ray diffraction data results

from the wavelength of 0.499309 Å, which is approximately one third of the otherwise used Cu-

Kα radiation. The rather pronounced backround is caused by the used glass capillary. The shown

diffraction patterns of the single phases can be well refined. In contrast, in the vicinity of the

phase transition temperature, where a mixture of both phases is observed, the refinement was only

possible utilizing both the ht- and lt-modification structure models.

The high-resolution synchrotron-diffraction patterns recorded at different temperatures were

used to study the unit-cell parameters in detail. Furthermore, a quantitative phase analysis of

ht- and lt-fractions in the polycrystalline La2RuO5 sample (solid-state reaction) was performed.

The results can be compared to earlier reported ND investigations [Kha02]. Measurements with
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Figure 4.8.: Synchrotron x-ray diffraction patterns and results of the Rietveld refinements of the ht-

(left) and lt-phase (right) of La2RuO5 synthesized by solid-state reaction. The wavelength of the used

radiation was 0.499309 Å.

smaller temperature steps were performed here and were analyzed in more detail regarding the

cell-parameter changes in the transition-temperature range.

The contributions of the monoclinic ht- and the triclinic lt-phases were determined from patterns

recorded at temperatures between 50 K and 300 K. Starting at room temperature the sample was

cooled down and roughly every 10 K a diffraction pattern was recorded. Afterwards, the sample

was heated up again and patterns were recorded to check for a possible hystersis of the transition.

The fractions of the ht- and lt-phases were calculated from Rietveld refinement at each temperature

step and the result is shown in Fig. 4.9 for the patterns obtained from the cooling cycle. In the

refinements the scaling factors, the cell parameters, and the overall displacement parameter were

allowed to vary, while the atomic positions were fixed. The obtained result at a given temperature

was used as starting point for the refinement of the next temperature step. To check whether or

not this procedure leads to reliable results, both directions were tried for both cooling and heating,

i.e. starting from 300 K going down and starting from the lowest temperature going up. Both

ways yielded almost identical compositions as shown in Fig. 4.9. Obviously the phase transition

itself is very broad, ranging over roughly 30 K. In this temperature interval the diffraction patterns

can be described by a mixture of both phases. At higher or lower temperatures only the ht- or lt-

phase is present, respectively. The (transition) temperature at which 50 % of each phase is present

amounts to approximately 170 K. Comparing these results with the heating-cycle data (not shown
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Figure 4.9.: Results of the quantitative phase analysis of La2RuO5 depending on temperature. Frac-

tions of ht- and lt-phase were calculated from synchrotron-diffraction data for a stepwise cooling from

300 K to 54 K.

in Fig. 4.9) no thermal hysteresis was observed. A similar result was reported by Khalifah et
al. on basis of neutron-diffraction data [Kha02]. These authors found a similar transition range

and reported a structural transition temperature of 160 K. The deviations between the transition

temperatures may be explained by different temperature calibrations. From the Rietveld analysis

it can be concluded that the phase transition is fully reversible without dissipative character. The

DSC data and magnetic properties discussed below support this finding. Only small differences

(less than 2 K, which is in the error range of these measurements) between the heating and cooling

measurements regarding methods and properties were observed for polycrystalline samples.

Details of the unit-cell parameter evolution depending on temperature are depicted in Fig. 4.10.

In the left column the three axis lengths are shown, while the angles are shown in the three panels

in the right column. For α and γ the ht-phase value is 90◦ due to the monoclinic symmetry and,

therefore, omitted in the figure. The lt-phase is represented by the full symbols, while the open

symbols mark the ht-modification, respectively. The data are taken from the cooling cycle. Results

from the refinement start at 50 K are colored blue, the ones of the 300 K start are represented by

red symbols, respectively. Only a very small difference between both sets is observed in agreement

with the above described reversible character of the transition.

All parameters show a step-like or divergent behavior close to the transition temperature, which

is indicated by the vertical solid line in each frame. This line represents the transition temperature
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Figure 4.10.: Results from Rietveld analysis of synchrotron diffraction data of La2RuO5 recorded at

different temperatures. Unit-cell parameters of the ht- and lt-phase were obtained from a stepwise

cooling (and heating) between 300 K and 54 K. In the left column the unit-cell axes are shown, in

the right column the unit-cell angles, respectively. Symbols according to Fig. 4.9 are used, i.e. full -

lt-phase, empty - ht-phase, blue - start at 54 K, red - start at 300 K. The solid vertical lines mark the

dimerization temperature Td , as derived from magnetization measurements.

Td determined by magnetization measurements and is roughly 10 K below the structural transi-

tion temperature, as derived from the phase distribution. Nevertheless, since the phase-transition

regime is rather broad in temperature both values are in acceptable agreement with the visible

64



4.2. Magneto-Structural Phase Transition

100 150 200 250 300
415

416

417

418 (solid state)

ht-phaselt-phase

�

 

�
��
���

��
���

��
��

��
��

� �

T (K)

La2RuO5 Td

Figure 4.11.: Unit-cell volumes of the ht- and lt-phase were obtained from a stepwise cooling (and

heating) between 300 K and 54 K during the synchrotron XRD measurement. Symbols according to

Fig. 4.9 are used, i.e. full - lt-phase, empty - ht-phase, blue - start at 54 K, red - start at 300 K. The solid

vertical line marks the dimerization temperature Td , as derived from magnetization measurements.

changes of the cell parameters in Fig. 4.10. Especially for the parameters a and β a divergent be-

havior of ht- and lt-phase values are found, while the other ones are either showing a step-like or

slightly convergent behavior. The values around the transition temperature provide a comparable

high inaccuracy due to the lower fraction of the phase in the sample. In detail, below a fraction

of 50 % the reliability of the cell-parameter refinement is not satisfying. Therefore, the obtained

ht-values below the transition temperature and the lt-values above it are usually not shown. The

changes between the ht- and lt-modification amount to less than 1 % except for γ where a differ-

ence of roughly 2 % is obtained. This deviation is in a reasonable range and even lower than found

for e.g. BaTiO3. This supports the reversibilty of the transition without dissipation and indicates

low structural stress due to temperature variation.

The individual parameters show different temperature dependent behaviors. The ht-phase axis

length a and the angle β decrease linearly with decreasing temperature, while the value of b and c
provide a slightly increasing behavior. All lt-parameters remain almost temperature independent.

This change of parameters is linked to the layered structure of La2RuO5 due to varying anisotropic

temperature influences along or perpendicular to the stacking direction a. Furthermore, these

deviating changes possibly induce the phase transition in order to reduce the evolving structural

stress.
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Table 4.1.: The Ru–Ru distances and Ru–O–Ru angles ϑ linked to the exchange couplings Ji as shown

in Fig. 4.12.

Ji d(Ru–Ru) (Å) ϑ (Ru–O–Ru) (deg)

ht-phase

J0, J3 3.975 155.4

J1, J2 3.978 152.8

lt-phase

J0 3.868 160.2

J1 3.923 150.6

J2 4.036 151.0

J3 4.045 153.2

The overall behavior of the crystal structure is best represented by the evolution of the unit-cell

volume, which is depicted in Fig. 4.11. While the unit-cell parameters can change individually

due to the symmetry conditions as it was mentioned above, the volume is expected to decrease

almost linearly upon cooling of the sample. This behaviour is observed for both the ht- and lt-

phase of La2RuO5. At the transition temperature an additional step is found reflecting a volume

reduction by 0.4 % from the ht- to the lt-modification. This small change is in agreement with the

reversibility of the transition without very high structural stress.

4.2.2. Magnetic Phase Transition

As mentioned in the introduction the magnetic phase transition was observed in the same tem-

perature range like the structural change [Kha02, Mal05]. This can be explained by the close

structure-property relationship leading very probably to the dimerization of the Ru-spin moments

in a spin-Peierls like transition [Eye06, Eye07, Wu06]. The magnetic susceptibility χ of the single-

and polycrystalline samples was therefore studied in detail to characterize and discuss the origin

of the strongly diminishing χ in the lt-phase related to the changes in the crystal structure.

While in the ht-phase the Ru–O–Ru angles (ϑ ) and Ru–Ru distances1 are almost equal in both

directions b and c in the LaRuO4-layers, in the lt-modification alternating short and long Ru–

O–Ru distances are found. From literature Ru–Ru spin dimers are considered to form rungs of

weakly interacting spin-ladders in the crystallographic c-direction. The situation becomes more

complicated by the zig-zag square arrangement of Ru-ions and the alternating distances between

the rungs in the ladders, which requires four exchange-interaction parameters Ji to describe the

nearest-neighbor interactions. Possible next-nearest neighbour interactions are completely omit-

1To be correct, formally the Ru–O + O–Ru distances should be taken into account, since these are originally included

in the superexchange considerations. However, the Ru–Ru distances are here recommended to use as simplification

conserving the basic information, because their accuracy is higher in XRD analysis, which was mainly used to

characterize the crystal structure in this thesis.
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Figure 4.12.: RuO6 octahedra network (transparent) in the bc-plane of the LaRuO4-layers. One ruthe-

nium (green spheres) spin-dimer is marked by a red ellipse and the exchange paths are denoted corre-

sponding to the nearest Ru neighbors J0 to J3 (see also Tab. 4.1).

ted in the following. The spin-ladder model was mainly derived from the exchange values obtained

from DFT calculations including spin polarized LDA and a Hubbard-U term [Wu06]. The corre-

sponding Ru–Ru distances, Ru–O–Ru angles, and exchange paths denoted J0 to J3 for the ht- and

lt-phase are listed in Tab. 4.1 and depicted in Fig. 4.12. For symmetry reasons J0 and J3, as well

as J1 and J2 are identical in the monoclinic ht-modification. The crystal structure data shown in

Tab. 4.1 are taken from ND experiments [Ebb05].

According to Tab. 4.1 the Ru–Ru distances in the ht-phase are almost identical and amount to

roughly 3.975 Å. The Ru–O–Ru angles along the b-direction are slightly larger (155.4◦) than in

c-direction (152.8◦). This arrangement already points to antiferromagnetic exchange interactions

with smilar values for the corresponding constants Ji according to the Goodenough-Kanamori-

Anderson rules [Goo63, Kan59, And59]. This point is discussed later in detail within the the

ht-phase susceptibility analysis. In contrast, for the lt-modification the distances and angles are

distinctly varying (Tab. 4.1). The structural changes are expected to lead to anisotropic variation

of the Ji as deduced from the DFT calculations [Wu06] and, therefore, strongly support the dimer-

ization of Ru-spins to nonmagnetic spin-dimers. From the inspection of the Ru–Ru distances and

Ru–O–Ru angles it seems plausible that at 161 K a transformation takes place from an almost

two-dimensional Heisenberg paramagnet into a spin ladder with spin-singlets along the rungs par-

allel to the c-axis. The dimer is most propbably found at the position marked by the red ellipse in

Fig 4.12, which corresponds to the exchange path J0 and the shortest Ru–Ru distance (3.868 Å)
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and largest Ru–O–Ru angle (160.2 ◦).

To describe the electronic and magnetic configuration in La2RuO5, it is best to start from the

strong crystal-field approach for the ht-phase. The octahedral crystal field splits the 4d electronic

states of Ru in eg and t2g levels. The energetically lower lying configuration in Ru4+ is t4
2g, which

is equivalent to t2
2g in hole representation. As it was pointed out in Refs. [Eye06, Wu06], the

distorted octahedral crystal field stabilizes the state {d↑
xz,d

↓
xz}. The x- and y-axes are lying in the

crystallographic ab-plane but are rotated by 45◦ with respect to the crystallographic axes a and b,

while z and c are aligned parallel. Coulomb-repulsion between the remaining fourfold degenerate

states {dα
xy,d

β
yz} splits them into a singlet state (S = 0)

1/
√

2[{d↑
xy,d

↓
yz}−{d↓

xy,d
↑
yz}]

and a triplet (S = 1)

| MS = 1〉 = {d↑
xy,d

↑
yz}

| MS =−1〉 = {d↓
xy,d

↓
yz}

| MS = 0〉 = 1/
√

2[{d↑
xy,d

↓
yz}+{d↓

xy,d
↑
yz}] .

According to Hund’s rules the triplet state is energetically lower and can be described by the effec-

tive spin S = 1. The orbital momentum is considered to be quenched. This configuration is already

energetically favored by the octahedral deformations in the ht-phase and becomes further stabi-

lized by the structural changes occurring during the transition to the lt-phase. Since this scenario

is found in both the ht- and lt-phase one can speculate that this effect could merely be ascribed to

a Jahn-Teller deformation [Jah37] than a complete orbital-ordering process [Kug82] causing the

structural changes, which was proposed in Ref. [Kha02] and later revised in Ref. [Wu06].

The superexchange interaction between cations with tn
2g configuration via intermediate oxygens

can be described according to [Mot70, Ere76]

J = J90 sin2 ϑ + J180 cos2 ϑ , (4.1)

where ϑ is the Ru–O–Ru angle listed in Tab. 4.1. J90 and J180 are the values of the superexchange

coupling parameters at ϑ = 90◦ (ferromagnetic exchange) and ϑ = 180◦ (antiferromagnetic ex-

change), respectively. On the basis of the Goodenough-Kanamori-Anderson rules it is expected

that J180 > |J90| [And59]. In addtiton, it should be noted that J180 should increase due to the slight

shortening of the Ru–O distances during the magneto-structural transition, because its value is pro-

portional to the Ru,O-transfer integral tRu,O to the power of four: J180 ∼ [t4
(Ru,O)/Δ2

(Ru,O)U ], with

ΔRu,O representing the charge transfer and the Mott-Hubbard gap U [Zak08]. Using Eq. 4.1 and

the angles ϑ one can see that the superexchange coupling parameter J0 increases due to the struc-

tural changes caused by the phase transition from the ht- to the lt-modification, while the values

J1, J2, and J3 decrease simultaneously. This finding strongly supports the model of the spin-ladder

with rungs consisting of dimerized Ru-spins as indicated in Fig. 4.12. This model also implies

a strong increase of J0 in the lt-phase compared to the other exchange interactions in agreement

with the rather high transition temperature of 161 K and the reported opening of a spin-gap, which
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Table 4.2.: Results of the Curie-Weiss fit of 1/χ above 200 K (H = 1000 Oe) for La2RuO5 sam-

ples prepared by various synthesis routes. Average exchange interactions calculated from ΘCW using

Eq. 4.2 are listed in the last two columns.

Reaction χ0 (10−4 emu
mol

) neff (μB) ΘCW (K) |J0/kB| (K) |J0| (meV)

Solid State 0.4(1) 2.87(2) - 122(10) 22.9(18) 2.0(2)

Soft chem. (Ru-AcAc) 0.7(1) 2.92(2) - 177(12) 33.2(23) 2.8(2)

Soft chem. (Ru-NOAc) 1.0(1) 2.89(2) - 162(10) 30.4(19) 2.6(2)

Flux grown 12.7(2) 2.62(2) - 100(8) 18.8(16) 1.6(2)

is a measure of the intradimer exchange J0 [Kha02]. This spin-gap can also be considered as an

evidence for the existence of a low dimensional magnetic system consisting of S = 1 spins in the

lt-phase [Hal83], however, this will be discussed below. The superexchange model is furthermore

strongly supported by measurements of the magnetic susceptibility depending on applied pressure

by Rivas et al. [Riv11]. These authors found that the transition temperature increases linearly with

increasing pressure indicating the strong influence of the slightly changing crystal structure on the

dimerization process by the variation of the magnetic exchange-interaction strength.

Samples of unsubstituted La2RuO5 were prepared by four different synthesis routes described in

Sec. 2.1. Their susceptibilities were measured using a SQUID magnetometer applying an external

field of 1000 Oe. As an example the susceptibilities (symbols) of poly- (Ru-AcAc) and a batch

of single-crystalline La2RuO5 are shown in the top and bottom frame of Fig. 4.13. The transition

step at approximately 160 K from the Curie-Weiss like ht-phase to the almost nonmagnetic lt-

modification can be distinctly observed. Above 200 K 1/χ was fitted using a Curie-Weiss law

(Eq. 2.32) and the obtained parameters χ0, neff and ΘCW are listed in Tab. 4.2.

The temperature independent correction χ0 amounts to a maximum of 10−4 emu/mol for poly-

crystalline samples, which is in a common range for van-Vleck contributions in oxides. The

susceptibility measured for the single crystals is remarkably higher by one order of magnitude

and, therefore, cannot be explained by a simple van-Vleck correction. Very probably the large

temperature-independent contribution stems from a considerable amount of BaRuO3 resulting

from the reaction with the BaCl2 flux during the reaction. This is corroborated by the fact that

a number of transparent LaOCl [Bri83] crystals was found and removed after the flux reaction.

Since the metallic 4H-BaRuO3 also forms plate-like black crystals [Hon97], it cannot be distin-

guished visually from La2RuO5. 4H-BaRuO3 shows a temperature-independent susceptibility in

the range of 1× 10−3 emu/mol [Rij99], which would be comparable to the observed shift in χ .

However, such a stoichiometric amount of 4H-BaRuO3 which would explain the susceptibility

shift was not directly observed. Only an increased intensity of a diffraction peak at 2θ = 31◦ in an

XRD pattern of the single-crystal batch points to the presence of 4H-BaRuO3. The origin of the

shift is still not completely identified.

From a comparison of the susceptibilities for the poly- and single crystalline sample it could

be concluded that the dimerization transition is of first order. This is especially documented by
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the sharp step for the single-crystalline sample, while in the polycrystals the transition is smeared

out. The first-order character of the transition in the single crystals is supported by the thermal

hysteresis of χ shown in the inset of Fig. 4.13, where a shift of roughly 4 K between the heating

and the cooling curve was observed. This is significant, since for the polycrystalline sample a

shift of roughly 1 K was found. Similar to the description of the structural phase transition of the

polycrystalline sample in the previous section the anomaly in χ is rather broad. For this sample

neither in the susceptibility, DSC, or structure data a significant hysteresis was observed or it is

below the experimental uncertainty. This smearing out may be caused by local inhomogeneities in

stoichiometry or crystallinity, which could lead to a broader temperature distribution in the sample

if the thermal conductivity between the crystallites is rather low. Thus, neighboring crystallites

can reversibly adopt either the ht- or lt-modification in the vicinity of Td similar to domains, while

in the single crystal the in comparison good thermal conductivity leads to a sharp transition in the

whole sample.

The experimental effective magnetic moments neff range between 2.62 μB and 2.92 μB. This

is in good agreement with the value of 2.83 μB derived from the spin-only approximation for

S = 1: neff = g ·√S(S+1) ≈ 2 ·√2 μB. This magnetic moment corresponds to the t4
2g electron

configuration of the Ru4+ ions. The small deviations from the theoretical value can be explained

by the limited temperature range usable for the fit.

The corresponding Curie-Weiss temperatures amount to roughly −100 K for the single crystals

and range between −122 K and −177 K for the polycrystalline samples. These values are in accor-

dance with values for polycrystalline samples obtained from solid-state synthesis, for which Curie-

Weiss temperatures between −70 K and −245 K were reported [Kha02, Mal05, Ebb06, Ebb10].

The high variation of ΘCW is again caused by the rather narrow temperature range applicable

for the Curie-Weiss fit, which significantly reduces the fit accuracy. The negative sign of ΘCW

indicates antiferromagnetic short-range interactions. A first estimate of the average exchange-

interaction strength between two neighboring Ru-ions can be calculated according to [Kit91]:

ΘCW =
2 · z · J0 ·S(S+1)

3kB
, (4.2)

where z denotes the number of next neighbors, i. e. z = 4 reflecting the Ru square lattice shown

in Fig. 4.12. The obtained interaction strenghts J0 are listed in Tab. 4.2 in K and meV. The values

amount to roughly 2 meV indicating only a weak coupling in the paramagnetic phase. However,

it has to be mentioned that Eq. 4.2 and in turn also the values for |J0| are strictly valid only for

a three-dimensional interaction. Clearly a two-dimensional model would be a more appropriate

description of the magnetic interactions.

To check if the observed interactions strengths might be sufficient to explain the magnetic tran-

sition, two different models were fit to the ht-regime. The first one is a spin-dimer model with

strongly antiferromagnetically coupled pairs of S = 1 spins, which are weakly interacting with

neighboring dimers, e.g. in a spin-ladder. This model was successfully applied to Ba3Mn2O8,

for which a regular trigonal arrangement of S = 1 dimers and the existence of a spin-gap was

reported characterized by the steep decrease of χ below the transition temperature. In this com-

pound the spins of the Mn5+ ions with 3d2 configuration are paired and show a distinct interaction
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Figure 4.13.: Top frame: Magnetic susceptibility of polycrystalline La2RuO5 (Ru-AcAc) from sol-gel

reaction (symbols). Bottom frame: Susceptibility of flux grown La2RuO5 single crystals (symbols).

The solid red lines a) mark the 2D Heisenberg model, the solid blue lines b) indicate the Curie-Weiss

fits of the low temperature Curie tails, and the solid green line c) shows the fit applying a spin-dimer

model. The inset in the lower frame shows the thermal hysteresis of the dimerization transition in the

susceptibility of single crystalline La2RuO5.

within the dimer-lattice [Uch02]. The solid green line denoted c) in the bottom frame of Fig. 4.13

represents the fit result of the S = 1 spin-pairs including a mean-field correction described in

[Men06, Sam10, Sam11]:

χ = χ0 +
χ ′

1+λ ·χ ′ . (4.3)
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The temperature independent χ0 corresponds to the van-Vleck contributions and amounts to 1.72 ·
10−3 emu/mol for the single crystals. A fit carried out for the polycrystalline sample leads to a χ0

of 2.6 ·10−4 emu/mol. Both values are considerably higher than the ones obtained from the Curie-

Weiss fit but still not unreasonably high. The second term of Eq. 4.3 corresponds to the spin-dimer

model with intra-dimer exchange J0 and including the additional interaction between neighboring

dimers. The mean-field parameter λ represents the sum of exchanges J1 to J3 (Fig. 4.1). The

susceptibility χ ′ of isolated dimers consisting of S = 1 moments is defined according to [Sam11]:

χ ′ =
2NAg2μ2

B(1+5exp(−2J0/kBT ))
kBT (3+ exp(J0/kBT )+5exp(−2J0/kBT ))

, (4.4)

where NA is the Avogadro constant and μB is the Bohr magneton. g = 2 was used reflecting the

spin-only approximation. The fit resulted in J0/kB values of roughly 67(1) K (5.8 meV) for both

samples. Compared to the Curie-Weiss fits, the values for J0 are slightly increased by a factor of

two, which is still smaller than the expected intra-dimer coupling exchange in the lt-phase. The

values for the mean-field correction λ are very small and negative (-0.35 K for the powder and

-1.54 K for the batch of crystals), which strictly is not plausible for this model. In addition, the

result of strongly deviating inter- and intradimer exchange strengths does not seem very plausi-

ble, since the corresponding Ru–Ru distances do not differ so much to justify the existence of

a dominating coupling J0 already in the ht-phase. One distinctive difference between La2RuO5

and Ba3Mn2O8 is the phase-transition temperature reflected by the maxima in χ . The maximum

found for Ba3Mn2O8 at Tmax = 18 K is much lower than the 190 K observed in polycrystalline

La2RuO5 in Fig. 4.13. The position and width of the peak in the magnetic susceptibility correlates

with the intradimer exchange and the ratio of intra- and interdimer exchange, respectively [Hei04].

The interdimer exchange can always be assumed significantly smaller than the intradimer value.

While the width of the cusp for Ba3Mn2O8 amounts to roughly 50 K, the peak in the fit c) with

Tmax = 65 K in the lower frame of Fig. 4.13 is more than 100 K wide. By extrapolation the width

of the peak for Tmax = 190 K is expected to range well above 200 K. Instead, the step in the sus-

ceptibility of the polycrystalline La2RuO5 looks very similar to the fit c), it is only shifted to a

higher temperature. From this it seems reasonable that the shape of the step cannot be reproduced

by this dimer model, also the much steeper transition step of the La2RuO5 single crystals reveals

the different nature of the formed lt-dimerized state.

In a second approach a 2D-Heisenberg model was chosen to describe the magnetic interaction.

The use of this model is justified due to the almost regular two-dimensional lattice of Ru4+ ions

in the structurally isolated LaRuO4-layers and the antiferromagnetic interactions derived from the

Curie-Weiss temperature observed for the paramagnetic ht-modification. The calculated suscep-

tibilities are marked by solid red lines a) in Fig. 4.13 and were obtained according to [Rus58]:

χ = χ0 +
NAg2μ2

Bμ2
effS(S+1)

3kBT
· (

6

∑
n=0

anxn)−1 . (4.5)

The constants amount to a0 = 1, a1 = −5.333, a2 = 9.778, a3 = −9.481, a4 = 6.420, a5 =

−42.923, a6 = 269.313, and x = −J0/kBT . The values for an were calculated from equations
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and tables given in Ref. [Rus58], while J0/kB was derived from a fit using the temperature region

above the transition step. The small values of J0/kB = 9 K (sol-gel) and J0/kB = 7 K (single crys-

tal) reveal an antiferromagnetic exchange interaction between the Ru ions, which was also found

in the dimer model. When multiplied with the number of neighboring centers (z = 4) the values of

J0/kB are comparable to the exchange interactions determined from the Curie-Weiss temperatures.

The 2D-Heisenberg model may probably provide a reasonable description of the susceptibility, if

no structural changes occurred. Nevertheless, the Heisenberg model is obviously not suitable to

explain the susceptibility in the phase transition range here.

Both models lead to similarly shaped theoretical susceptibilities, which are drastically deviating

from the experimental data. The transition temperature for the ordered ground state is significantly

smaller than the found 160 K and the peaks are rather broad compared to the sharp step observed

for the single crystals. This shows that the exchange-interaction strength in the ht-phase, which

determines the shape of the dimer- and the 2D-Heisenberg model, is not sufficiently high to drive

the dimerization phase transition alone. Thus, the dimerization transition is strongly coupled to

the structural changes occurring at roughly 170 K.

From Fig. 4.13 it can be seen that the susceptibility increases at lowest temperatures. This points

to the presence of paramagnetic centers, which do not take part in the dimerization. To estimate

the concentration of these paramagnetic centers, the susceptibilities below 50 K were fit using a

Curie-Weiss law. The fits are marked by solid blue lines b) in both frames of Fig. 4.13. The Curie

constant of the polycrystalline sample amounts to 8.13(50) ·10−3 emu K/mol, which corresponds

to roughly 1% of the Curie constant of the ht-phase. This finding can be explained by a small

number of non-dimerized Ru spins due to the structural distortions, e.g. at grain boundaries. On

the other hand, the presence of an impurity phase cannot be completely ruled out, because its

concentration would be close to the detection limit of x-ray powder diffraction. ΘCW of the lt-

fit is negative (-12.6(8) K) and χ0 is roughly reduced by a factor of two compared to the value

calculated above (1.3 · 10−4 emu/mol). The absolute values are slightly smaller than reported by

Khalifah et al. [Kha02] for a sample obtained by solid-state reaction. For the single crystals a

slightly increased value for the Curie constant (16.38(60) · 10−3 emu K/mol, roughly 2% of ht-

phase Curie constant) was obtained and χ0 amounts to 1.72 ·10−3 emu/mol, which is close to the

value found for the Curie-Weiss fit in the high-temperature region. A small positive Curie-Weiss

temperature (ΘCW = 10.5(5) K) is found for the lt-fit of the single-crystalline sample.

To investigate the unexpected uprise found in the susceptibility of the single crystals at low

temperatures, additional field-dependent measurements were performed for selected temperatures.

The M vs. H curves are depicted in Fig. 4.14. In the ht-phase a linear paramagnetic behavior is

observed up to the highest available external field of 50 kOe. A paramagnetic behavior is also

found in the lt-phase down to 50 K reflecting the absence of a ferro- or ferrimagnetic impurity

in the sample with an ordering temperature above 50 K. At 2 K, a broad and irregular shaped

hysteresis is observed (Fig. 4.14) indicating a ferro- or ferrimagnetic phase with a very small

ordered moment of roughly 60 emu/mol (0.01 μB/mol) as derived from the remanence. The shape

at small fields is similar to the ones observed for layered thin antiferromagnetically ordered films

(see e.g. [Hel03, Moc03, Lei01]). The layered structure of La2RuO5 leads to twinned crystals, i.e.
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Figure 4.14.: Magnetization hysteresis curves at selected temperatures of the batch of single crystals

of La2RuO5.

domains with alternating orientations. The interaction between the crystal domains is comparable

to the coupling between the thin films. Therefore, it can be assumed that the interaction of the

domain layers causes the hysteresis at low temperature as an intrinsic effect in the crystals. In

polycrystalline samples the hystersis cannot be observed because the size of the domains becomes

too small for a cooperative ordering.

To obtain further information from the magnetic susceptibilities in the dimerized phase, the

low-temperature Curie-Weiss fits including a constant χ0 were subtracted from the experimen-

tal results leading to a corrected susceptibility χkorr. As the temperature independent suscep-

tibility was significantly enhanced for the batch of the single crystals when compared to the

results obtained for the polycrystalline sample, the former results bear a larger experimental

uncertainty. From the residual magnetic susceptibilities the derivatives dχkorr/dT were calcu-

lated. The results are depicted in Fig. 4.15. Both data sets show a rather symmetric peak with

a maximum close to the dimerization transition. The peaks for both samples can well be fit

assuming Lorentzian profiles. The fits for both samples yield similar transition temperatures

Td,sc = 160.7(1) K, and Td,pc = 161.9(2) K), but significantly different widths. For all four

polycrystalline samples an average Td of 161 K is obtained in good agreement with literature

[Kha02, Mal05]. Td is marked by the vertical dashed lines in Fig. 4.13. The widths amount to

FWHMsc = 1.9(3) K, FWHMpc = 11.8(6) K reflecting the transition step in Fig. 4.13.
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Figure 4.15.: Derivatives of the magnetic susceptibilities for polycrystalline (open circles) and single

crystalline La2RuO5 (open triangles). The susceptibilities were corrected for the low-temperature

Curie-Weiss contributions as indicated by the blue lines in Fig. 4.13. The solid lines correspond to

Lorentzian-fits, centered at the phase transition temperature.

As mentioned above, from the very small susceptibility below the phase transition typically a

spin gap can be expected for the lt-phase. This means that besides the spin dimers representing

the ground state excited states at certain energies can be assumed (see inset of Fig. 4.18), which

are increasingly populated with increasing temperature according to a Boltzmann-distribution.

This thermal excitation can be described by a simple exponential temperature dependence of

χ ∝ exp [Δ/(kBT )] close to the phase transition (see for example Ref. [Hal83]). The corrected

susceptibilities χkorr are therefore shown in an Arrhenius-type plot in Fig. 4.16, i.e. the logarithm

of the magnetic susceptibility is plotted as a function of the inverse temperature. Between ap-

proximately 150 K and 70 K in the polycrystalline sample and down to roughly 100 K in the

single crystals both susceptibilities reveal a strictly linear behavior. But the different slopes in-

dicate significantly different spin-gap energies. The deviations at low temperatures reflect errors

due to corrections of the lt-Curie-Weiss fits and the temperature independent susceptibilities. The

spin-gaps as derived from the linear fits amount to Δpc = 48(1) meV for the polycrystals and

Δsc = 112(1) meV for the single crystals. The result for the polycrystalline sample is close to the

spin-gap value of 40 meV obtained from inelastic neutron scattering [Kha02]. The corresponding

Arrhenius behavior is indicated as dashed line in Fig. 4.16. However, the spin-gap for the single

crystals is significantly larger. The fact that the results of poly- and single crystalline samples dif-

fer significantly has already been observed in the determination of the charge gap from resistivity
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Figure 4.16.: Arrhenius plots of the corrected susceptibilities in the low-temperature phase for poly-

(open circles) and single (open triangles) crystalline La2RuO5. The solid lines are linear fits assuming

an Arrhenius behavior, resulting in spin-gaps of Δpc = 48 meV and Δsc = 112 meV for the poly-

and single-crystalline sample, respectively. The Arrhenius behavior characteristic for a spin-gap of

Δ = 40 meV as observed by inelastic neutron scattering is shown as dashed line.

measurements [Kha02], where values of roughly 0.21 eV are observed for single crystals, while a

value of 0.32 eV for polycrystalline samples is found. Malik et al. [Mal05] reported a charge gap

of even only 0.16 eV for the polycrystals. Thus, it may be concluded that the gaps in La2RuO5

are extremely sensitive to even small structural variations between samples. This can be already

anticipated regarding the strong increase of the exchange constant J by two orders of magnitude at

the dimerization transition, which is dominantly driven by the structural changes, reflecting only

weakly modified bond angles and interatomic distances. Different preparation routes and internal

strains in the twinned single crystals certainly provide slight variations of the structural parame-

ters. It should also be noted that the inelastic peak in the neutron data [Kha02] extends up to 120

meV reflecting the broad distribution of gap values in polycrystalline material.

Neither changes of the phase-transition temperatures nor of the obtained J0 values were ob-

served upon varying the external magnetic field H between 100 Oe and 50 kOe. Such a shift was

reported to be typical for an S = 1/2 spin-Peierls transition [Bul78], which was observed, e.g., in

CuGeO3 [Has93]. In agreement with the shown findings the transition in La2RuO5 is expected
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Figure 4.17.: Top frame: Specific heat of polycrystalline La2RuO5 in Cp/T representation (symbols)

and Einstein-Debye fit (solid red line). Bottom frame: Data after subtraction of the Einstein-Debye fit

((Cp −CLattice)/T ; symbols) and Smag obtained from integration of the residual curve (solid red line).

to be unconventional for S = 1 from both theoretical calculations [Guo90] and our experimental

results similar to the 1D antiferromagnetically ordered chains with S = 1/2 and S = 1 described

by Haldane [Hal83].

4.2.3. Specific-Heat Investigations of the Phase Transition

The specific heat of the polycrystalline La2RuO5 in Cp/T representation is depicted in the top

frame of Fig. 4.17. The solid red line in the top frame marks the Einstein-Debye-fit, which was

performed according to Sec. 2.5 to model the lattice contribution to Cp. For the fit one tempera-
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ture term was used for each atom per formula unit, i.e. 1×ΘD (Debye-temperature) and 7×ΘE

(Einstein-temperature). To reduce the number of parameters, four of the Einstein-terms were set

equal, reflecting the oxygen octahedra in the LaRuO4-layers. According to the low electrical con-

ductivity of La2RuO5 a very small constant c0 of roughly 2.2 mJ mol−1 K−2 was used in agreement

with previously reported results [Mal05]. In metals c0 is known as the Sommerfeld coefficient and

describes the contribution of the conduction electrons to Cp. However, since La2RuO5 is semi-

conducting the influence of conduction electrons to the specific heat is expected to be negligible.

Thus, the small c0 is merely considered an additional parameter to improve the fit quality. The

following values for the five fitting parameters corresponding to the number of independent lattice

sites were obtained: ΘD = 132(1) K, ΘE1 = 175(1) K, ΘE2 = 217(2) K, ΘE3 = 325(3) K, and

4×ΘE4 = 520(3) K (see also Tab. 5.7).

To determine the contribution of the phase transition, the Einstein-Debye fit was subtracted from

the experimental data. The residual (Cp −CLattice)/T depicted in the bottom frame of Fig. 4.17

shows a sharp peak indicating a first-order transition. This transition can be attributed to the

abrupt change of magnetic exchange interaction due to the structural transition, which is clearly

observable in the bottom frame of Fig. 4.13. To obtain the excess entropy, (Cp −CLattice)/T was

integrated between 75 K and 250 K according to Sexc =
∫

Cp/T dT . The integral is depicted in the

bottom frame of Fig. 4.17 (solid red line). A value of Sexc = 4.2(3) J mol−1 K−1 was obtained.

For the antiferromagnetic ordering of S = 1 spins a magnetic entropy of Smag = R · ln(2S+1) =

9.13 J mol−1 K−1 is expected. Values of 8.3 J mol−1 K−1 [Mal05] and 8.56 J mol−1 K−1 [Riv11]

were reported in literature for La2RuO5 but rather simple approaches were used to model the lattice

contributions. The Einstein-Debye fit applied in this work is more sophisticated and the smaller

value is therefore considered to be more reliable. The large deviation of the experimentally found

and the expected value can be explained taking into account the spin pairing of the lt-phase. The

molar entropy is defined Smag = kB · ln(Ω), where kB is the Boltzmann constant and Ω is the

partition function. In the lt-phase the entropy is deviating from zero due to the dimerization. The

entropy change at Td is therefore calculated according to ΔS= |Rln(3)−0.5 ·Sdimer| (see Fig. 4.18).

The latter term represents the entropy of the dimers according to Sdimer = Ē/T + kB ln(Z) and is

multiplied by 0.5 due to the half number of dimers compared to the single spins. Z is the partition

function of the energy spectrum of the dimers with a singlet ground state which is shown as inset

in Fig. 4.18. The first and second excited state of the dimers are a triplet and a quintuplet state,

respectively. At Td the partition function Z of this spectrum is given by:

Z = ∑
i

gi exp(− Ei

kBTd
) , (4.6)

where gi is the degeneracy and Ei the energy of the corresponding state with respect to the ground

state (i = 0). The averaged energy Ē of the spectrum is calculated according to:

Ē =
∑i giEi exp(− Ei

kBTd
)

∑i gi exp(− Ei
kBTd

)
. (4.7)

The energies Ei in the spectrum in first approximation are determined by the intradimer exchange
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Figure 4.18.: Entropy change ΔS of La2RuO5 at Td depending on the intradimer exchange J0/kBT .

Inset: Energy-level scheme of the dimer state consisting of S = 1 spins.

J0 and therefore the entropy change is depending on the ratio of J0 and the dimerization tempera-

ture Td leading to the simplified averaged energy for the dimer state:

Ēdimer =
3J0

kB
· exp(− J0

kBTd
)+5exp(− 3J0

kBTd
)

1+3exp(− J0

kBTd
)+5exp(− 3J0

kBTd
)

. (4.8)

Using these equations the entropy change can be calculated as a function of J0/kBTd , which is

depicted as solid black line in Fig. 4.18. The obtained value of 4.2 J mol−1 K−1 for pure La2RuO5

(marked by the dashed lines) corresponds to an intradimer exchange of J0/kB ≈ 260 K (23.5 meV),

which is smaller than the 40 meV obtained by inelastic neutron scattering. From DFT calculations

a value of 65.5 meV was derived, which is somewhat larger but still in the same range as our

finding [Kha02, Wu06]. It should be mentioned that, on the one hand, DFT calculations usually

overestimate the exchange values and, on the other hand, 23.5 meV is a lower estimate of the

exchange since interactions between the dimers are neglected in this model.

For a more precise description also the contribution of the structural transition to the change in

Cp has to be regarded. However, it is impossible to separate its contribution since both transitions

are coupled. The above described good agreement of the magnetic entropy with the theoretical

estimate indicates that the change of Cp caused by the structural transition is rather small.
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Figure 4.19.: Absorption spectra of polycrystalline La2RuO5 at 100 K and 200 K recorded applying a

pressure of 0.09 GPa in absorption mode. The solid lines are linear fits in the vicinity of the inflection

point to determine the absorption-edge positions.

4.3. High-Pressure Spectroscopic Investigations

The observed narrow band gap and electronic correlation in La2RuO5 lead to the idea of pressure

depending studies. Pressure might induce an insulator to metal transition, since the interatomic

distances decrease and in turn the overlap and hybridization of orbitals increases [Kun10]. This

simplified model of a Mott-insulator [Mot49] is valid for compounds, in which the strong elec-

tronic correlations lead to an increased localization of the electrons resulting in the creation of

a band gap and an insulating behavior [Ima98]. The by the correlation narrowed bands can be

broadened either by chemical (substitution) or physical pressure.

The electrons in the lt-phase of La2RuO5 are strongly correlated as reflected by their singlet

ground state. However, in the paramagnetic ht-phase weak antiferromagnetic interactions between

the S = 1 spin moments are present. These properties can be described by strongly localized Ru 4d
electrons in (compared to 3d orbitals) rather diffuse 4d states [Cav04]. To reduce the localization

by increased band overlap and hybridization at EF, and to suppress the dimerization, pressure was

applied. The measurements were performed by E. A. Francis and L. Baldassare in the group of

Prof. C. A. Kuntscher at the University of Augsburg.

The polycrystalline sample obtained from solid-state reaction was investigated by pressure-

dependent transmittance and reflectance experiments in the infrared (IR) frequency range 550 cm−1
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Figure 4.20.: Temperature dependent (left) and pressure dependent (right) band-gap energies of

La2RuO5 determined from absorption-edge spectra.

- 8500 cm−1 between 100 K and room temperature. A Bruker IFS 66v/S FT-IR spectrometer with

an infrared microscope (Bruker IRscope II) was used to measure the transmittance and reflectance

[Kun10]. The pressure was generated by a diamond anvil cell with CsI as pressure transporting

medium and a ruby crystal as reference [Hub77]. The ruby luminescence wavelength varies as a

function of pressure in the applied range up to 15 GPa. For frequency calibration this is measured

alternatingly with the sample [Kun10].

In Fig. 4.19 the measured absorption spectra of La2RuO5 are shown for 100 K and 200 K

and a pressure of 0.09 GPa. The solid lines represent linear fits in the vicinity of the inflection

point, which were used to determine the absorption edge positions. The band gap is determined

as intersection point with the x-axis. Unfortunately the quality of the fits is quite low, because

only the tail of the absorption edge was observed up to 1 eV above EF. The shape is very similar

to experimental data reported in Refs. [Moo08, Wu08], where a range up to 3 eV was measured

at ambient pressure. Furthermore, the anomalies observed in the low energy range are almost

identical and comparable to the density of states close above EF obtained by DFT calculation

(see Sec. 4.5). Apart from this the absolute value of the gap cannot be determined precisely by

the linear fits but the relative change of the spectra and, hence, the band gap evolution provides

promising results.

The small frequency shift and relative change of the band gap indicates a very low compress-

ibility of the La2RuO5 crystal structure. The obtained temperature and pressure depending change
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of the band gap is depicted in Fig. 4.20. The frequency units of the y-axis are transformed to

the eV energy scale for better comparability with other investigations. The band gap increases

with decreasing temperature and increasing pressure and ranges between 0.37 eV and 0.6 eV for

the applied conditions. The temperature-depending behavior is similar to the resistivity measure-

ments reported in Refs. [Kha02, Mal05]. The value increases continuously in both the ht- and

lt-modification and shows a broad step of approximately 0.06 eV height at the phase-transition

temperature. However, the band gaps determined here are by roughly a factor two larger than the

ones reported earlier [Kha02, Mal05]. As it is shown in the left frame of Fig. 4.20, the tempera-

ture depending behavior is shifted almost linearly by the increasing pressure up to roughly 12 GPa.

Similar, a shift caused by the temperature change is observed in the pressure dependency of the

band gap (right frame of Fig. 4.20).

For all applied pressures only a gradually change of the band gap was found at the phase-

transition temperature. Furthermore, an insulator to metal transition was not observed in the avail-

able pressure and temperature range. The pressure induces a quite unexpected increase of the band

gap, which can be explained by the shift of electronic bands above the fermi edge. Thus a larger

gap between conduction and valence band is the result instead of an increasing orbital overlap.

Deduced from this behavior the application of chemical pressure by substitution promises to be

more successful influencing the electronic band structure around EF and to possibly induce an

insulator to metal transition (see chapter 5).

4.4. Electrical AC-Conductivity Investigations

It has to be mentioned in advance that the polycrystalline La2RuO5 samples are very brittle even

after pelletizing and long sintering times. Therefore, dc-resistivity measurements could not be

carried out, since a bar of pressed (and sintered) powder is required for the 4-point measurement.

It was only possible to obtain cylindrical pellets with a diameter of 3 mm and a thickness of

roughly 1 mm, which were stable after a long sintering process. The pellets were contacted using

silver-paint and a pseudo-four-point setup was applied, in which voltage and current contacts

were attached on the top and the bottom side of the pellet. The AC-conductivity measurements

were carried out by Stephan Krohns utilizing a Novocontrol α-analyzer. The principles of the

measurement technique are described in detail in Refs. [Kro10, Lun10].

The results from dielectric spectroscopy reflected the brittle property of the sample material.

Observed high dielectric constants (ε ′ up to 104 at 300 K) for frequencies below 10 kHz are very

probably caused by grain-boundary effects or reflect the zone of the measurement contacts. The

corresponding dielectric losses are very high due to the additional capacitances emerging from the

sample morphology. The observable relaxations of Maxwell-Wagner type can be reasoned by the

large additonal barrier-layer capacities of the grain-boundaries or sample contacting. Details to

this principle properties are found in Refs. [Kro10, Lun10]. Furthermore, the rather good conduc-

tivity and in turn significant charge-carrier concentration also causes this large Maxwell-Wagner

relaxation step and, thus, the data merely represent the zone in the samples close to the electric
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Figure 4.21.: Temperature dependence of the AC-conductivity σ ′ of La2RuO5 between 1 Hz and

10 MHz versus T−1/4 according to the 3D-variable-range hopping model. The dashed red vertical line

marks the phase-transition temperature obtained from the magnetic susceptibility.

contacts for the measurements.

Despite of these experimental problems intrinsic values can be extrapolated from high-frequency

or low-temperature data. The intrinsic dielectric constant amounts to a range between 10 and 20,

which is typical for badly conducting oxide materials. As a sign of the dimerization transition

anomalies at Td could be expected in the large relaxation steps, however, no significant changes

caused by the phase transition were observed.

From the measured data the real part of the conductivity σ ′ was calculated according to Refs.

[Kro10, Lun10] and is depicted in Fig. 4.21 for a frequency range between 1 Hz and 10 MHz and

temperatures between 75 K and 300 K. The data are drawn on a logarithmic scale for σ ′ vs. T−1/4

according to 3D-variable-range hopping (VRH) behavior σ(T ) ∝ exp
[
−(T0

T

)−1/4
]
. The almost

linear course of σ ′ for all measured frequencies agrees with the hopping-charge transport mech-

anism. Close to the phase-transition temperature (marked by the vertical dashed line) a change

of the slope occurs due to the changing crystal structure, and, hence, the changing potential for

the hopping charge-carriers. In the lt-phase σ ′ increases with increasing frequency by approx-

imately three orders of magnitude. This is in accordance with the universal dielectric-response

phenomenon [Kro10, Lun10] characterized by a power law behavior according to σ ′ = σ0 · νs
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with frequency ν and a material-specific constant s < 1.

However, the observed VRH behavior is very probably only showing the behavior of the con-

tact zone in the sample and not valid for the bulk metrial itself, although a similar behavior can

be expected. A more detailed analysis of the overall dielectric properties of pure and substituted

La2RuO5 polycrystalline samples showed very similar results for all investigated Pr and Ti substi-

tuted samples.

In an alternative approach the conductivity of La2RuO5 may be described as a classical semi-

conductor. Using this simple thermal excitation model according to σ ′ ∝ exp(−Δ/kBT ) a value

of Δ ≈ 0.15 eV is obtained. This value is comparable to the DC-conductivity results shown in

Refs. [Kha02, Mal05]. On the other hand, we could not find any significant difference between

the ht- and the lt-phase.

4.5. DFT Calculation

Density-functional theory calculations for the ht- and the lt-phase of La2RuO5 were performed

to investigate the changes of the electronic band structure due to the phase transition. Additional

DFT calculations for substituted compounds was carried out and the results are discussed with

respect to the unsubstituted La2RuO5 in chapter 5.

Previous calculations by Eyert et al. [Eye06, Eye07] and Wu et al. [Wu06] revealed a spin-

Peierls like transition in La2RuO5 conserving the local S = 1 spin-moment of the Ru4+ ions in

accordance with the experimental results mentioned above. In this model the structural changes

lead to anisotropic magnetic exchange interactions. This results in a pairing of the spin moments

by alternating short and long distances in the Ru lattice. Due to this a spin-gap opens as deduced

from the magnetic susceptibility of the lt-phase in Sec. 4.2.2. In an alternative totally antiferro-

magnetically ordered model the diminishing susceptibility and the opening of a small spin-gap

would also be possible [Wha81]. However, this model does not explain the size of the gap and the

entropy change observed in specific-heat measurements.

For the DFT calculations the crystal-structure data from ND measurements [Ebb05] were used

as input data. Initially the symmetry reduction from the original monoclinic (respectively triclinic)

structure to space group P1 was performed. Test calculations with the original and P1 symmetry

lead to almost identical results, which justifies the symmetry reduction. The reduction was re-

quired to enable a replacement of single atoms for the modelling of substituted compounds. The

number of k-points was adapted to the reciprocal unit cell and set to 3×6×4. These numbers were

chosen considering the upper limit of matrix elements available in the program code by simultane-

ously minimizing the required memory space and in turn the calculation time. A scalar relativistic

setting was applied for the calculations and convergence criteria concerning the minimization of

changes of the atomic density and total energy were used. Several iterations of the modelling had

to be performed using the previously obtained density-map file as starting parameter to further

reduce the calculation duration to several days.

In the top frame of Fig. 4.22 the obtained electronic band structure of the ht-phase La2RuO5

84



4.5. DFT Calculation

E
E

-
(e

V
)

F
E

E
-

(e
V

)
F

Figure 4.22.: Electronic band structure of the ht-phase (top) and the lt-phase (bottom) of La2RuO5.

The ht-phase band structure was calculated using LDA and the lt-phase results were obtained from a

spin polarized LSDA calculation, in which the solid and dashed lines represent the spin-up (majority)

and the spin-down (minority) channel respectively. The horizontal solid red lines mark the Fermi

energy.

is depicted in the energy range 8 eV below and 3.5 eV above the Fermi energy EF. Due to the

application of LDA without a spin polarization the resulting band structure contains only one spin
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Figure 4.23.: Density of states for the ht-phase of La2RuO5 applying LDA.

channel. For the modelling of the lt-phase band-structure LSDA was used and the obtained DOS

for both spin channels (spin ↑, spin ↓) are depicted in the bottom frame of Fig. 4.22 for the same

energy range as the ht-phase. Furthermore, the same path in reciprocal space is shown for both

phases as reflected by the notation of the reciprocal lattice points. The paths start at the Γ-point,

which is corresponding to the origin (0 0 0), and make a loop in the x′ − y′-plane (approximately

corresponding to the ab-plane). Then the paths lead in z′ direction (corresponding to c), followed

by a second loop in the x′ − y′-plane shifted to the first one by half of the unit-cell parameter. The

horizontal solid red lines mark the position of EF.

A great number of bands is located between -2 eV and -7.5 eV. These are almost exclusively

oxygen 2p and Ru 4d bands. In the vicinity of EF (-1 eV to 0.5 eV) the band structure is dominated

by Ru 4d and hybridized O 2p bands. In the range above 1 eV the eg levels of Ru and above 3 eV

the unoccupied La 4 f states are located. In general, the bands are rather flat. Exception are few

Ru bands, which are showing a greater change of their slope between Γ and Z due to the changing

direction of the path between ab-layer loop and perpendicular to it, i.e. parallel to the LaRuO4-

LaO-layering. The band structures of the ht- and lt-phase are very similar, which is expected

considering the only slight changes in the crystal structure. Furthermore, both spin channels of the

lt-modification are very similar reflecting an antiferromagnetic character.

While for the ht-modification no gap at EF was observed (Fig. 4.22) for the lt-phase a small

gap can be assumed. Only one, rather flat band crosses the Fermi energy between Γ and Z, which
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Figure 4.24.: Density of states of the spin-up (top) and the spin-down (bottom) channel for the lt-phase

of La2RuO5 using LSDA.

in turn means that the gap is strongly anisotropic corresponding to the two-dimensionality of the

crystal structure and the strongly anisotropic spin-dimer formation. The gap is opening for the zig-

zag arrangement of RuO6 octahedra in the LaRuO4-layers, but becomes closed in c-direction. This

assumption is reasonable since the axes in both real and reciprocal space are pointing in almost

the same directions. It has to be reminded that the results of the basic DFT calculation have to be

interpreted with some caution. As a result of the structural phase transition the bands are slightly

shifted in energy. This is more obvious roughly between -0.3 eV and -1 eV, where a second gap

opens due to the structural transition. The shift of some of the relatively flat bands is in agreement

with the findings from the pressure related band gap determination above (Sec. 4.3). The pressure

leads to deviations in the crystal structure, which in turn can shift some of the electronic bands and

the observed band gap.

The DOS of the ht-modification is shown in Fig. 4.23 for the same energy interval as the elec-

tronic band structure. The calculation is in reasonable agreement with literature [Eye06, Eye07].

In particular, the same contribution of Ru 4d and O 2p orbitals around EF was found. The oxygen

contribution in this range explicitely stems from the RuO6-octahedra in the LaRuO4-layers. The

t2g levels of Ru are also located there, while the eg levels are observed above 1 eV. Furthermore,
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Figure 4.25.: Density of states DOS for the ht- and lt-phase (spin-up) of La2RuO5 close to the Fermi

energy. The solid vertical green line marks the Fermi energy.

the distance between the centers of t2g and eg bands of approximately 2.5 eV is very similar to the

corresponding value derived from the maxima of the white lines in the Ru-LIII XANES spectra

(see Fig. 2.9). The rather large partial DOS of La is located roughly 4 eV above EF reflecting

unoccupied 4 f states. The O 2p contribution from the LaO-layers is only found in the range -2 eV

to -4 eV and shows an increased negative charge compared to the other oxygens in the LaRuO4-

layers. This finding is consistent with the BVS calculations discussed above in Sec. 4.1.1.

To investigate the magnetic interactions in the ht-phase, additional spin-polarized modelling

was performed. Different initial settings, including a ferro- and various antiferromagetic spin

arrangements were tested. The lowest energy was obtained for the antiferromagnetic arrangement

with local Ru spin moments of S ≈±1.15 (the sign only represents the relative orientation of the

spins). This setting is energetically favored by roughly 0.1 eV compared to the nonmagnetic LDA

result. The negative Curie-Weiss temperature supports the antiferromagnetic interaction of the Ru

spin-moments. Of course the ht-phase of La2RuO5 does not show a collective spin ordering but a

paramagnetic behavior. It should be kept in mind though that the DFT calculations were performed

under the precondition of T = 0 K. Therefore, thermal breaking of magnetic interactions is not

taken into account.

The DOS for the lt-phase is depicted in Fig. 4.24. In the top frame the spin-up and in the bottom

frame the spin-down channels are shown. Since the polarization was found to be antiferromagnetic
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Figure 4.26.: Ru spin ordering in the lt-phase of La2RuO5. RuO6 octahedra of the LaRuO4-layer are

drawn within a 2×2×2-unit cell. Lanthanum ions are not shown for clarity. Black arrows indicate the

S = ±1 spin ordering of the Ru4+-ions, but do not represent an absolute orientation. The spin-dimer

arrangement is indicated by the red ellipses. a) perspective viewing, b) projection along the c-axis.

both spin channels provide almost the same structure of the DOS. A ferromagnetic moment would

cause a shift in energy of the Ru 4d and O 2p bands against each other in the vicinity of EF.

The general shape of the DOS is similar to the ht-phase and in agreement with literature [Eye06,

Eye07]. A completely antiferromagnetically ordered state was found to be energetically favored

by roughly 0.01 eV compared to the LDA model without magnetic settings. Different initial spin-

ordering arrangements were tried as starting points. The corresponding calculations lead to the

same ordered state for all initial arrangements and, therefore, proves the stability of this solution.

Two very small band gaps at roughly −0.2 eV and approximately EF originating from the ordering

are found in contrast to the ht-phase or to unpolarized calculations. The DOS in the vicinity of

EF is shown in more detail in Fig. 4.25 for both ht- and lt-phase (spin-up channel) in comparison.

While only a very small gap opening at EF is found, the second gap at −0.2 eV provides a width of
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approximately 0.1 eV and originates from the shift of the energetically lower part of the Ru and O

bands towards lower energies. It has to be mentioned that band gaps are typically underestimated

by the LDA or LSDA method and due to the strongly correlated electrons more sophisticated

calculations introducing additional (exchange) interaction parameters would be required. The gap

at EF may alternatively be explained as a result of the antiferromagnetic arrangement according to

Ref. [Wha81]. The local Ru spin moments were found to be approximately S = +0.95 and S =

−0.98 for neighboring sites perfectly fitting to this model. However, the results of the experimental

investigations shown above strongly prefer a singlet ground state formed by almost isolated spin

dimers in the lt-phase.

The complete antiferromagnetic arrangement of the Ru spin moments found in the lt-phase of

La2RuO5 is depicted schematically in Fig. 4.26. To increase clarity, only the RuO6 zig-zag-like

octahedra double layers of the LaRuO4-unit are shown. Black arrows represent the Ru4+-ion S =

±1 spin moments with spin-up and down orientation. It should be noted, that the shown directions

are only the relative orientation of the spins with respect to each other and do not represent an

absolute orientation with respect to the crystallographic axes. Fig. 4.26a illustrates the formation

of the Ru-Ru dimers in the LaRuO4-layers by red ellpises, which mark the antiferromagnetically

coupled spins. In a projection along the c-axis the dimers are better recognizable (Fig. 4.26b).

According to the obtained results each dimer is also antiferromagnetically interacting with the

neighboring ones. However, taking into account the experimental results discussed above this

interaction can only be very weak.

Starting from the DFT modelling for the pure La2RuO5 additional calculations for selected

substituted samples were performed. The results are presented in the following sections and related

to the results described here.
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5. Influence of Substitution on La2RuO5

5.1. Lanthanide Substitution: La2−xLnxRuO5

While the undoped compound has been comparatively well examined, little is known about substi-

tuted La2RuO5. To the best of our knowledge there is only a short note on Pr-substituted La2RuO5

in literature found in Ref. [Mal05]. Due to the decreasing ionic radii of the lanthanides, rare-earth

substitutions should result in a reduction of the interatomic distances. It can be expected that a

smaller Ru–Ru distance increases the magnetic interaction resulting in higher dimerization tem-

peratures. In addition, the interaction of the magnetic moments of the lanthanide ions with the

magneto-structural coupling of the Ru spin moments may occur. In this context also the distribu-

tion of the rare-earth ions in the crystal structure has to be taken into account. Since the Ln–Ru

distances are expected to become shorter, an additional magnetic moment in the LaRuO4-layers

may have a stronger impact on the dimerization transition than a substitution which takes place

mainly in the LaO-layers. Furthermore, the varying magnitude of the magnetic moment of the dif-

ferent rare-earth metal ions has to be considered. If an interaction exists, a large magnetic moment,

e.g. for Gd3+ or Dy3+, should affect the dimerization transition stronger than a very small mo-

ment, like e.g. found for Sm3+. As will be shown in this chapter, the influence of the lanthanide’s

moments are very small while their varying size has a pronounced effect.

A full substitution of the diamagnetic La3+ ions by other rare-earth ions (Pr, Nd, Sm, Gd, Dy)

leads to the sum formula Ln2RuO5. Some of these compounds have actually been prepared from

the binary oxides in the absence of oxygen [Cao01, Koc82, Dix80]. However, the Ln2RuO5 ox-

ides crystallize in a completely different orthorhombic structure, which is isostructural to Y2TiO5

[Mum68]. In an oxygen-containing atmosphere, the smaller lanthanides are known to form ruthen-

ates with pyrochlore structure (Ln2Ru2O7) [Yam94, Ken96]. For this reason a complete substitu-

tion was not achieved in this work, but a partial replacement of La was successfully carried out up

to a certain maximum substitution level at which the structure becomes unstable. First attempts

to prepare rare-earth substituted samples by classical solid-state synthesis were not successful.

No single-phase compounds could be obtained, instead the reaction products contained significant

amounts of pyrochlore impurities. Thus, a soft-chemistry sythesis-method based on the thermal

decomposition of citric-acid stabilized precursors [Dou89] has been developed to prepare single-

phase powder samples (see Sec. 2.1.3).

The obtained La2−xLnxRuO5 samples were investigated with respect to their crystal structure

by powder x-ray-, synchrotron-, and neutron-diffraction measurements. The location and distribu-

tion of the incorporated lanthanide ions in the layered crystal structure was studied by EXAFS. A

detailed investigation of the magnetic properties was performed. Moreover, the phase-transition
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Figure 5.1.: Rietveld refinement of the La1.25Pr0.75RuO5 neutron-diffraction patterns (λ = 1.4940 Å)

measured at 300 K (top) and 1.5 K (bottom).

temperature was determined from DSC and compared to values derived from magnetic suscep-

tibility data. Specific-heat measurements have been performed as well as DFT calculations to

investigate the Ru spin-dimerization transition. The results presented in this section are mainly

based on already published data in Refs. [Rie11, Rie12a, Rie12c].

5.1.1. Crystal Structure

X-ray powder diffraction revealed phase purity for almost all rare-earth substituted compounds

presented in this work. Only for the samples with the highest substitution levels marginal traces of

LaRuO3 were found. The maximum substitution level can be linked to the ionic radii of the used

lanthanides. The partial replacement of La3+ by smaller rare-earth metal ions causes an increasing
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5.1. Lanthanide Substitution: La2−xLnxRuO5

structual stress, which finally results in the formation of impurity phases. This stress increases with

decreasing ionic radius (caused by the lanthanide contraction) and in turn the maximum achievable

substitution level was higher for the larger lanthanides. The maximum concentration of rare-earth

metal ions (x) in La2−xLnxRuO5 was found to be 0.75 for Pr, 0.6 for Nd, 0.5 for Sm, 0.3 for Gd and

0.2 for Dy. For substitution levels beyond these values significant amounts of the above mentioned

other phases (e.g. pyrochlores) were observed. These impurities were very stable and could not be

removed by further thermal treatment of the sample at 1175◦C, which was found to be the optimum

synthesis temperature. It has to be mentioned that single phase La2RuO5 is only formed in a small

temperature range from 1150◦C to 1200◦C. At lower temperatures different other lanthanum

ruthenate compounds like La3Ru3O11 [Abr78, Cot78], LaRuO3 [Bou72], La3RuO7 [Kha00], and

La3.5Ru4O12 [Abr80] were observed which finally reacted to La2RuO5 at T ≥ 1150◦C. Above

1200◦C the pyrochlores and other, still unidentified oxides were formed in an irreversible reaction.

The Y2TiO5-type ruthenates Ln2RuO5 were not observed since they only form under pressure in

an oxygen-free atmosphere.

As one representative example for the Rietveld refinements Fig. 5.1 shows the fits of the ND

data of La1.25Pr0.75RuO5 recorded at 300 K (top) and 1.5 K (bottom). A very good agreement of

measurement and modelled patterns is achieved. Similar to the synchrotron XRD patterns (Fig.4.8)

slight deviations between ht- and lt-modification are observable in the patterns. The experimental

room-temperature XRD data of the rare-earth substituted samples are not shown here, because

due to the only very small differences to the pattern of pure La2RuO5 they provide almost no

significant additional information. Numerical values obtained from the Rietveld refinements of

the La2−xLnxRuO5 samples are listed in the tables in Ref. [Rie11].

5.1.1.1. Structural Analysis Using Diffraction Data

In Fig. 5.2a - c the room-temperature cell parameters of all La2−xLnxRuO5 samples are shown for

different substitution levels. A strong dependence on x is observed: All three axis lenghts a, b and

c decline almost linearly for all rare-earth elements. The shrinkage of the three axis lengths also

results in a decreasing volume of the unit cell. The effects are increasing with decreasing size of

the lanthanide ion, i.e. the slopes of the curves develop in the order Pr < Nd < Sm < Gd < Dy.

This behavior reflects the lanthanide contraction. The changes in the axis lengths can directly be

linked to the maximum substitution levels mentioned above implying a structural stress limit, i.e

the general limit is reached for a ≈ 9.12 Å, b ≈ 5.81 Å and c ≈ 7.93 Å.

The evolution of the monoclinic angle β is shown in Fig. 5.2d. The changes of the angle are

small, but they also clearly depend on the rare-earth substitution. The bigger rare-earth metal ions

Pr and Nd cause a continuous decrease with increasing x, the effect of Pr being stronger than for

Nd. For Sm β remains almost constant, while for the small ions Gd and Dy even enlarged angles

are found. The influence of the smaller Dy is stronger than the one of Gd.

A more detailed insight in the evolution of the different cell parameters depending on x is ob-

tained by a plot of the relative changes as presented in Fig. 5.3. The relative values were calculated

by dividing the cell parameters of La2−xLnxRuO5 by their corresponding values of unsubstituted
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Figure 5.2.: Cell parameters for La2−xLnxRuO5 derived from powder XRD data at room temperature.

In frames a, b, and c the cell parameters a, b, and c are displayed, respectively, while the monoclinic

angle β is shown in frame d. Error bars are smaller than the size of the symbols.

La2RuO5, which makes the changes better comparable for the different lanthanides and for the cell

parameters themselves. Since the behavior is similar for all rare-earth elements, only the values for

Ln = Pr (left) and Gd (right) are given as examples in Fig. 5.3. All cell parameters change linearly

with x, but a highly anisotropic behavior is observed. The axis a shows the strongest decrease with

x while the axes b and c behave almost identically and show a significantly smaller decrease than

a. Since β does not change very much, the unit-cell volume also decreases with x for all rare-earth

elements. Although the changes in the cell parameters are clearly significant, the relative values

deviate by less than 1.3 % from La2RuO5, which is a surprisingly small value taking into account

that substitution levels up to x = 0.75 were achieved.

Regarding the crystal structure and the alternating stacking of LaRuO4- and LaO-layers along

the a-axis, the anisotropic behavior gives a first hint for the location of the substituting ions. If

the smaller lanthanide ions were placed in the LaRuO4-layer, a more or less isotropic change in

structure would be expected, i.e. the relative decrease of the three axes lengths should be sim-

ilar. A substitution in the LaO-layers, on the other hand, is expected to predominantly shorten

the interlayer distance and, therefore, mainly affect the a-axis, in accordance with the experimen-

tally observed behavior. A preferred occupation of the smaller lanthanide ions in the LaO-layer
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Figure 5.3.: Relative change of the cell parameters for the Pr- (left) and the Gd- (right) substituted

samples. The cell parameters of La2−xLnxRuO5 were divided by their correspondng values for pure

La2RuO5. Error bars are smaller than the size of the symbols.

is reasonable since the La–O distances in this layers are significantly shorter than those in the

LaRuO4-layer [Bou03, Ebb05]. A detailed study of the rare-earth metal ion distribution will be

discussed later.

A broad choice of compositions was investigated by additional low-temperature x-ray diffrac-

tion at 128 K, i.e. well below the phase transition temperature. As a main result of the low-

temperature XRD data, the triclinic lt-phase was observed for all rare-earth substituted compounds

under investigation. In Fig. 5.4 the cell parameters obtained from the Rietveld refinement of

the low-temperature XRD data (128 K) and neutron data (1.5 K) are shown for the series of Pr-

substituted samples. The values were divided by their corresponding room-temperature values for

better comparability. As can be seen the results from neutron diffraction and x-ray diffraction yield

almost identical values. Small deviations (especially for the a-axis) may be due to the different

temperatures (XRD 128 K, ND 1.5 K). From Fig. 5.4 it is evident that the phase transition leads

to an increase of b, a smaller increase of a, a barely significant decrease of c and a clear decrease

of β . In the triclinic lt-phase α is slightly decreased while γ is increased compared to the value of

90◦ for both angles in the monoclinic ht-phase (not shown in Fig. 5.4). It is noteworthy that the

relative changes associated with the phase transtition are almost independent of the substitution

level x. In addition, it has to be mentioned that in Fig. 5.4 the data for x = 0.5 (marked by the

arrow) were obtained for the Nd substituted sample, not for Pr.

Bond-valence sum (BVS) calculations [Bro85] based on the Rietveld refinements of XRD and

ND data yielded valences that are close to the formal charge of the ions, i.e. in the LaRuO4-layer
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Figure 5.4.: Comparison of the cell parameters for the high- and low-temperature phases of

La2−xPrxRuO5. Comparable room-temperature parameters have been divided by their correspondng

lt-data. Left: Data from XRD, right: Data from neutron diffraction.
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Figure 5.5.: Comparison of the octahedral coordination of Ru in La2RuO5 (left) and La1.25Pr0.75RuO5

(right) from room-temperature ND data. The bond lengths are given in Å.

approximately −1.9 for oxygen, +3.0 for lanthanum and +3.8 for ruthenium. However, in the

LaO-layer oxygen exhibits a larger negative valence of −2.4 while the value for La is shifted to

+3.2 caused by the shortened La–O bonds. In addition, a valence of roughly +2.9 is found for Pr
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Figure 5.6.: Comparison of the Ru–O2–Ru angles along the c-direction (a) and the local oxygen

coordination in the ab-plane in La2RuO5 (transparent) and La1.25Pr0.75RuO5 (opaque) from room-

temperature ND data. For better comparability of the changes, the central atoms [Ru in a) and O5 in

b)] were placed on the same position.

which is slowly decreasing for Nd, Sm, and Gd to roughly +2.5, and finally dropping to +2.0 for

Dy. These valences were found to be almost constant for all substitution levels x. This indicates

that the La–O bonds are shorter than predicted by the BVS approach while the Ln–O distances are

too long. Apparently, structural restrictions do not allow the bonds in the (La/Ln)O-layers to take

their preferred values.

The bond lengths, especially those between the metal ions, reveal the same dependence on

the substitution level as the cell parameters. While the intralayer La–Ru distance remains almost

constant, the interlayer distance between La/Ln and Ru decreases slightly. This effect is even more

pronounced for the La–La/Ln distance, which is highly related to the value of the axis a.

As will be described later, the rare-earth substitution leads to significant changes in the physical

properties of the samples, especially differences in the temperature of the magneto-structural tran-

sition. It is well known that in perovskites such changes can be induced by even small variations of

bond distances and/or angles. While the former can result in distortions of the metal-oxygen octa-

hedra, which affect the energies of the d orbitals and may cause phenomena like orbital ordering,

the latter directly influence the metal-oxygen-metal superexchange interaction due to variations

in the overlap of the corresponding orbitals [Kan59]. For this reason a thorough inspection of

the geometry of the RuO6 octahedra and the Ru–O–Ru angles was performed. Since the atomic

coordinates of oxygen can more accurately be determined by neutron than by x-ray diffraction,

only the ND data is considered in the following.

For the monoclinic high-temperature phase small changes caused by the substitution were ob-

served. This is shown in detail in Fig. 5.5 for the octahedra in La2RuO5 and La1.25Pr0.75RuO5. O3

and O4 are directing towards the LaO-layers while O2 is connecting the RuO6-octahedra along
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(1.5 K) refinements.

the c-axis. O5 links the RuO6-octahedra within the ab-plane. The O2–Ru–O2 angles are close

to 178◦ for all samples under investigation and also the Ru–O bond lengths are almost constant.

Ru–O5 is an exception, here a distinct elongation of one of the bonds and simultaneous shortening

of the second one is observed. Apart from this, the tilting of the RuO6-octahedra was found to

increase, when La is substituted by Pr. The angle Ru–O2–Ru (i.e. parallel to the c-axis) is reduced

from 152.8◦ for x = 0 to 152.3◦ for x = 0.75 in the Pr substituted samples. This smaller bond

angle results in a slightly shortened Ru–Ru distance and a small torsion of the octahedra along c,

as shown in Fig. 5.6a for La2RuO5 (transparent) and La1.25Pr0.75RuO5 (opaque). In the ab-plane

the Ru–O5–Ru angle remains almost unchanged, while on the other hand the O5–Ru–O5 angle

decreases from 95.1◦ to 94.1◦ causing an elongation of the Ru–Ru distance by 0.015 Å. This is

illustrated in Fig. 5.6b for La2RuO5 (transparent) and La1.25Pr0.75RuO5 (opaque) for the Ru–O

coordination in the ab-plane.

The low-temperature (1.5 K) ND data of the samples La1.75Pr0.25RuO5, La1.25Pr0.75RuO5, and

La1.5Nd0.5RuO5 reveal the same structural phase transition to the triclinic space group P1̄ as found

for the unsubstituted La2RuO5. Due to the symmetry reduction the number of crystallographic

sites doubles [indicated by the index (a) in the following], but corresponding atoms and bonds can

be discussed simultaneously. Again, similar alternating elongations and shortenings of the Ru–Ru

distances are observed and the Ru–O–Ru angles show only minor changes with increasing sub-

stitution level similar to the situation in the ht-phase discussed above. In contrast, we observed a

deviation of two Ru–O bond lengths. First, the Ru–O bond, which is bridging the RuO6 octahedra
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Figure 5.8.: Modified radial distribution function from the k2-weighted Ru-K EXAFS spectra (curves

are shifted by 0.002). The vertical dashed lines mark the different coordination shells of Ru.

in the ab-plane (Ru(a)–O5 and Ru(a)–O5(a)) shows an increasing dispersion of bond length with

increasing x from 1.96 Å (x = 0) to 1.88 Å (x = 0.75, Ru(a)–O5(a)), respectively 2.04 Å (x = 0.75,

Ru–O5(a)) (see Fig. 5.7). Second, the Ru(a)–O4 and Ru–O4(a) bonds directing to the LaO-layer

act in the opposite way. The rather different values for x = 0 (1.88 Å, 2.04 Å) change to an al-

most identical distance of 1.96 Å for x = 0.75. For comparison the bond lengths of Ru–O5 and

Ru(a)–O5 are shown in Fig. 5.7 representing the almost constant values of the other Ru–O bonds

for increasing x.

In summary, a variation of the shape of the RuO6-octahedra and a reduction of the Ru–O–Ru

tilting angle resulting in a torsion of the octahedra along the c-axis with increasing substitution

level was detected. This finding is important for the interpretation of the magnetic data presented

in Sec. 5.1.2.

5.1.1.2. Ru-K EXAFS

In Fig. 5.8 the modified radial distribution functions of the Ru-K EXAFS for the La2−xLnxRuO5

compounds with a high substitution level for each rare-earth element are shown. The correspond-

ing curve for unsubstituted La2RuO5 (solid-state and sol-gel synthesis) are additionally displayed

for comparison. All EXAFS spectra were weighted by k2 and oscillations for 2 Å−1 ≤ k ≤ 15 Å−1

were used for the Fourier transformation.
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Table 5.1.: Ru-K EXAFS fit results for polycrystalline La2RuO5 obtained by sol gel reaction. With

the simplified fit-model described in the text a residual of 13.10 % was achieved. The EXAFS function

χ(k) was k2-weighted, the E0 shift was -2.58(1) eV and S2
0 amounted to 0.910(1).

Coordination N R (Å) σ2 (Å2)

Ru–O 1.96(1) 1.909(1) 0.0013(1)

Ru–O 4.01(1) 2.042(1) 0.0013(1)

Ru–La 0.98(1) 3.280(1) 0.0047(1)

Ru–La 3.94(1) 3.477(1) 0.0047(1)

Ru–La 1.98(1) 3.574(1) 0.0047(1)

Ru–La 0.95(1) 3.640(1) 0.0047(1)

Ru–Ru 4.11(1) 4.013(1) 0.0080(1)

Ru–La 0.98(2) 4.694(1) 0.0039(1)

Ru–La 0.90(2) 4.838(1) 0.0039(1)

Up to 4 Å, well defined peaks according to the different coordination spheres can be identified

in the mRDF (Fig. 5.8). The peaks at roughly 1.8, 2.7/3.2, 3.7, and 4.3 Å represent the neighboring

O, La/Ln, Ru, and a second shell of La/Ln, respectively. The peak positions of the unsubstituted

La2RuO5 are marked with dashed lines for better comparability. Since the Ru–O bond lengths

vary between 1.933 Å and 2.067 Å, the peak resulting from the backscattering of the oxygens is

broadened and asymmetric. With FEFF8 the amplitudes and phase shifts for the backscattering

atoms were modelled and used for fitting the measured data of La2RuO5 prepared by the sol-gel

method. Using the scattering paths for the coordinating atoms up to roughly 5 Å distance, the result

is in very good agreement with the experimental data (Fig. 5.9). In Tab. 5.1 the obtained values

from the fit are listed. Arcon et al. reported an EXAFS fit using a more complex model [Arc07].

After a first attempt with this model, it was found that reducing the number of fit parameters by

combining several backscattering paths with similar interatomic distances leads to more stable

results. During the refinement of the undoped La2RuO5 the coordination numbers N were kept

fix and the Debye-Waller factors σ2 were constrained to be equal for the backscattering atoms

of the same element in equivalent coordination shells. In a second refinement step S2
0 and σ2

were fixed to the values previously obtained and N and the distances were refined. The model was

further improved by neglecting all Ru–O paths above approximately 3.5 Å. Their contribution is of

minor relevance for the fit and the obtained values in the first attempts were not reliable. Multiple

scattering was not taken into account since its contribution was negligible compared to the direct

scattering. Multiple scattering occurs for collinear arrangements, i.e. bond angles close to 180◦

[Ebb97], which are not present in La2−xLnxRuO5 [Ebb05, Rie11]. The Ru–O–Ru bonding angles

of ≈ 155◦ in the ab-plane (resp. ≈ 153◦ along c) are comparable to ACu3Ru4O12 with Ru–O–Ru

≈ 140◦, in which the multiple scattering could also be neglected [Ebb02].

By combining several backscattering shells as described above a reasonable simplification was

achieved, which lead to a stable fit. For this the single backscattering paths listed in Tab. 5.1 are
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Figure 5.9.: Fit (dashed red line) of the mRDF of the k2-weighted χ(k) measured at the Ru-K ab-

sorption edge of La2RuO5 (solid black line) prepared by the sol-gel route. Furthermore, the fit curves

for the individual coordination shells according to Tab. 5.1 are shown in different colors: Ru–O in

magenta, Ru–La in green, and Ru–Ru in blue, respectively.

shown in Fig. 5.9 and colored according to the element in the coordination shell (Ru–O in magenta,

Ru–La in green, and Ru–Ru in blue, respectively). The Ru–O distances were rearranged in two

shells, which represent the two shorter bond lengths of O3 and O4, which are pointing to the LaO-

layers (see Fig. 5.5), and the four longer bond lengths of O2 and O5, respectively. The obtained

distance of 1.909 Å for the two shorter bonds is slightly smaller than the values of the single-crystal

results (see Tab. A.6). On the other hand, the second distance representing the four oxygen atoms

crosslinking the RuO6 octahedra in the LaRuO4-layer gave an averaged distance of 2.042 Å, which

is in good agreement with the single-crystal data (between 2.001 and 2.067 Å, averaged distance

2.041 Å). From the distribution of the distances it can be seen that the eight Ru–La distances can

be grouped into four sets with a degeneracy of 1, 4, 2, and 1. Therefore, four scattering shells

were used to fit the first two La-related peaks. The obtained distances from the EXAFS spectra

are only slightly larger by between 0.01 Å and 0.04 Å than the ones shown in Tab. A.6. For the

Ru–Ru backscattering a single shell with a coordination number of four was sufficient, while two

different distances were used to model the third Ru–La peak. The obtained EXAFS distances are

again distincly larger by 0.04 Å to 0.1 Å than expected from the single-crystal data. In general,

the obtained interatomic distances from EXAFS spectroscopy agree well (better than 0.2 Å) with

the values derived from the diffraction results. The small deviations observed are most likely due

to the simplified model applied. The deviations of the coordination numbers from the EXAFS fit
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5. Influence of Substitution on La2RuO5

Table 5.2.: Distribution of Pr in the two different types of layers in La2−xLnxRuO5.

La2−xPrxRuO5 Pr in LaO Pr in LaRuO4 sum of Pr

300 K

x = 0.25 0.19(2) 0.09(2) 0.28(2)

x = 0.75 0.51(2) 0.27(2) 0.78(2)

to the the expected values are small, which proves that the used model is applicable and leads to

stable results.

The fitting procedure described above was applied to all spectra and resulted in very similar

values. Thus, it can be concluded that substitution by rare-earth ions does not lead to a considerable

distortion of the local Ru environment. This corresponds well to the findings obtained from x-ray

and neutron powder diffraction. Also with these diffraction methods only very small deviations of

bond lengths and angles in the RuO6 octahedra were observed for La2−xLnxRuO5.

The XANES region of the Ru-K edge was used for the determination of the Ru valence. The

first maximum of the derivative of the spectra was taken as energy measure. A comparison showed

that all compounds exhibit very similar absorption-edge energies. Thus the Ru valence is +4 for

all La2−xLnxRuO5 compounds in agreement with results on La2RuO5 reported by Arcon et al.
[Arc07].

5.1.1.3. Detailed Analysis of the Lanthanide Distribution Using ND and EXAFS

Neutron diffraction was used to investigate the distribution of the rare-earth metal ions in the

two distinct layers of the crystal structure. The Pr substituted samples were measured since the

scattering lengths of La (8.24 fm) and Pr (4.58 fm) are very different, while their absorption cross

sections are similar [Sea92]. As shown in Tab. 5.2 both in the high- and the low-temperature

phase roughly 65−70% of the Pr3+ ions are found to be placed in the LaO-layers. This preferred

occupation of the La-sites is in accordance with the structural data discussed above. It is reasonable

to assume that for the even smaller lanthanide ions Nd3+, Sm3+, Gd3+, and Dy3+ the same or even

an enhanced enrichment in the LaO-layers occurs. Unfortunately, these cationic orderings could

not be investigated due to very similar neutron scattering lengths and/or huge absorption cross

sections (e.g. Sm: 5922 bn, Gd: 49700 bn) [Sea92].

In the triclinic lt-structure, both La positions split into two different sites. Due to a strong

correlation of the corresponding fit parameters it was not possible to refine the occupation factors

of the four positions independently. Therefore, the distribution of La/Pr derived from the room

temperature ND data were fixed in the refinement of the data recorded at 1.5 K. This procedure

is justified by the immobility of the rare-earth metal ions at room temperature and below, i.e. the

cationic ordering is frozen in at these temperatures. Detailed structural data obtained from the ND

measurements are given in the tables in Ref. [Rie11].

Since XAS is highly element specific, it allows the investigation of the surrounding of the sub-
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Figure 5.10.: Fourier transforms (mRDF) of the k3-weighted EXAFS function χ(k) of the La-K-,

Pr-K-, and Nd-K-absorption edge.

stituting elements selectively. In Tab. 2.1 the K- and LIII-absorption-edge energies of the used

lanthanides are listed. The LIII-edge energies of La, Pr, and Nd are too similar in energy to be

evaluated separately. Thus, the strong overlapping of the EXAFS regions of La and Pr/Nd de-

mands the investigation of the K-edges of these elements. The larger energy difference of the

K-edges enables a clear separation of the EXAFS spectra. However, for the late 4 f elements like

Sm, Gd, and Dy the energy finally becomes so high that the EXAFS oscillations are of very low

amplitude, e.g. at the Sm-K edge no significant oscillations were observed anymore. For these

elements the LIII-edges were investigated instead.

The fitting of the Ln-EXAFS data is complicated by the fact that the rare-earth elements under

investigation can occupy both crystallographic La-sites, i.e. the one in the LaRuO4-layers and

the one in the LaO-layers. Thereby, the obtained spectra contain contributions from both sites.

Looking at the interatomic distances listed in Tab. A.6 it is obvious that for both La positions a

large number of different backscattering paths have to be considered. Therefore, certain simplifi-

cations were applied to reduce the number of fitting parameters with a conservation of accuracy.

First of all, all backscattering rare-earth elements were treated as lanthanum. This simplification is

justified by almost identical backscattering amplitudes and phases for the used Ln calculated with

FEFF8. As a second simplification the La-oxygen coordination sphere was not considered. The

oxygen environment is composed of the contributions of many different oxygen neighbors with

strongly varying La–O distances. In addition, the coordination numbers are very similar for both

La-sites. La1 in the LaRuO4-layer is surrounded by twelve oxygen atoms and La2 in the LaO-
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Figure 5.11.: Fit results for the La-K mRDF. Ru(α), Ru(β ) and La(α), La(β ) indicate scattering paths

for the two different crystallographic La-sites (see text for details).

Table 5.3.: Averaged distances calculated from La2RuO5 single-crystal data. The values in brackets

represent the variance of the coordination shells.

EXAFS path Atoms Average distance d(Å)

Ru(α) La2–Ru 3.35(7)

Ru(β ) La1–Ru 3.52(5)

La(α) La–La 3.87(15)

La(β ) La1–La1 4.22(2)

layers has ten oxygen neighbors. For both sites the distances vary in the range R(La–O) ≈ 2.35 Å

to 2.98 Å with a quite regular length-distribution. Thus, a fit of the oxygen coordination sphere

does not help to distinguish the two La-sites and was, therefore, not considered in the fits.

From the single-crystal structure results it was found that the La1-site in the perovskite like

LaRuO4-layers is surrounded by six Ru ions (3.4588 Å ≤ R ≤ 3.5703 Å). In contrast, the La2-site

in the LaO-layer is well separated from the Ru ions. As a result, only two La–Ru distances with

shorter lengths of R = 3.2690 Å and 3.4364 Å need to be considered for this site. In the following

the Ru coordination sphere of La2 is denoted as Ru(α) due to the shorter distances and Ru(β ) is

used for the La1-site. Ru(α) thus consists of 2 Ru ions with an average distance of 3.35 Å, while

Ru(β ) contains 6 Ru ions at an average distance of 3.52 Å. The values of the average distances
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5.1. Lanthanide Substitution: La2−xLnxRuO5

derived from the single crystal analysis and the variance of the distribution range of distances,

which reflects the ”thickness“ of the coordination shell, are listed in Tab. 5.3.

The La/Ln coordination of the La1- and La2-sites requires a more detailed discussion. La1

is surrounded by eight La/Ln atoms, which can be divided in six shorter distances with values

between 3.80 Å and 4.02 Å and two clearly longer distances of ≈ 4.21 Å. In contrast, the La2-site

has a tenfold La-coordination with distances between 3.59 Å and 4.02 Å. The coordination spheres

are therefore rather similar for both La-sites. Although this backscattering shell is not very well

suited for distinguishing La1 and La2, it had to be included in the fitting procedure due to the

overlap of the Ru- and La/Ln-shells clearly visible in Fig. 5.10. To describe these coordination

shells the nomenclature La(α) for the 16 shorter bonds and La(β ) for the two longer bonds was

chosen. The combined backscattering of both La-sites contributes in the fitting process of the La-

K spectrum. This situation is expected to be different for the Ln-K spectra due to the preferred

localization described below.

The distribution of the Ln3+ ions was derived from the combined fitting of the Ru(α)/Ru(β ) and

the La(α)/La(β ) coordination spheres. If the substituting rare-earth element Ln was occupying

solely the La2-site, the following coordination numbers would result: Ru(α) 2, Ru(β ) 0, La(α)

10, and La(β ) 0. On the other hand, for a completely random distribution of Ln the expected

coordination numbers are Ru(α) 2, Ru(β ) 6, La(α) 16, and La(β ) 2. These numbers are given

as Ntheo (total) and Ntheo (La2-site) in the second and third line of Tabs. 5.4. Because of these

different coordination numbers the intensity ratio of the Ru and La/Ln peak are expected to change

compared to the La-K-edge spectrum if a (partial) cation ordering is present. In Fig. 5.10 the

mRDF for the three recorded K-edges are shown in comparison. The peaks are indicating the

coordination shells of oxygen at approximately 1.8 Å, Ru at ≈ 3.0 Å and La/Ln at ≈ 3.7 Å. For

La-K the intensity of the Ru-related peak is larger than the one of the La/Ln-shell, while for Pr-

K and Nd-K the Ru peak is explicitly smaller than the La/Ln peak. This is already a hint for a

non-statistical site distribution.

For a quantitative analysis the fitting of the La-K spectra was carried out using the four shell

model described above. In this model the scattering paths of Ru and La/Ln ions with similar

distances are unified to a single backscattering shell with an averaged interatomic distance. This

approach is commonly used to reduce large numbers of scattering amplitudes and phases. For

example for the compound Ce1−xLaxO2−x/2 averaged coordination spheres of O and La/Ce were

used to fit the EXAFS spectra in a similar procedure [Deg03].

The fit applying this four shell model for the unsubstituted La2RuO5 is depicted in Fig. 5.11.

The calculated and measured mRDF match very well in the fitting region (2.5 Å to 4.2 Å). The

contributions of the four shells are shown as colored solid lines (shifted for clarity) and the sum-

mation is depicted as dashed line.

In Tab. 5.4 the results of the fitting parameters for the La-K, Pr-K, and Nd-K spectra are listed.

In the first step of the fitting procedure the amplitude reduction factor S2
0 and the energy shift E0 of

the La-K spectra were refined while averaged values of the distance (R) taken from single-crystal

data and the Debye-Waller factors (σ2) were kept fixed. In addition, the theoretical values Ntheo

(total) were used as coordination numbers. The same shift of the threshold energy E0 was used
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5.1. Lanthanide Substitution: La2−xLnxRuO5

for all backscattering shells. In a next step R and σ2 were refined with fixed E0 and N. Finally,

only the coordination numbers and S2
0 were refined resulting in the values shown in Tab. 5.4. In

all runs the coordination number N(Ru(α)) was fixed to 2 in order to enhance the stability of

the refinement and because this value is the same for both a statistical and a completely ordered

distribution of Ln.

The obtained residuals (denoted ”Res“ and defined according to [Ank98]) given in Tab. 5.4 indi-

cate a good fit quality. The rather high values for Debye-Waller factors of Ru(β ) (12.67×10−3 Å2

for Nd-K) and La(α) (15.88×10−3 Å2 for La-K) result from the large spreading of the interatomic

distances unified to one backscattering shell in the fit. The σ2 of the remaining two paths is sig-

nificantly smaller (roughly 7×10−3 Å2 for Ru(α) and resp. 3×10−3 Å2 for La(β )), because only

two quite similar distances were averaged here.

For the La-K edge of La2RuO5 the obtained coordination numbers agree well with the expected

values and prove that the simplified model (Tab. 5.4) can in fact be used for data analysis. This is

illustrated in Fig. 5.11, where the resulting sum matches the experimental mRDF very well. The

obtained distances of the backscattering shells are in good agreement with the merged values listed

in Tab. 5.3. Only the distance for Ru(α) was approximately 0.1 Å shorter than expected from the

single-crystal analysis.

The same fitting procedure was used for the Pr-K and Nd-K spectra, leading to the values listed

in Tab. 5.4. The obtained distances are distinctly smaller than the values calculated from the

single-crystal data listed in Tab. 5.3. These shorter interatomic distances correspond well with the

observed decrease of the unit-cell parameters upon rare-earth substitution (see Sec. 5.1.1.1). The

obtained values are quite similar for La1.4Pr0.6RuO5 and La1.5Nd0.5RuO5 (in detail the distances

are slightly smaller for the latter one), which agrees with the similar unit-cell parameters for both

compounds.

Comparing the coordination numbers for the Pr-K and Nd-K edge spectra, it can be seen that the

obtained number of backscattering atoms in the Ru(β ) shell is clearly smaller than expected for a

random distribution of Nd or Pr on the two La-sites. For the La(α) and La(β ) shells the differences

of the coordination numbers are less reliable mostly due to the quality of the absorption spectra,

which became rather noisy at high k-values because of the high absorption of lanthanum. In fact,

coordination numbers even larger than expected for a statistical distribution were in some cases

observed (see Tab. 5.4). These may of course be avoided by appropriate constrains, which were

not applied to avoid biases in the results. N(Ru(β )) was found to be the most reliable measure for

the distribution of the substituting rare-earth elements and values of 4.14 for Pr and 4.68 for Nd

correspond to 65% and 61% of the substituting lanthanide on the La2-site. This is in very good

accordance with the 65 - 70% for Pr derived from neutron diffraction.

The EXAFS spectra of the Ln-K-edge of Sm, Gd and Dy did not exhibit evaluable oscillations,

therefore, we used the LIII-edges of these elements. The Sm-LIII absorption edge has a sufficiently

higher energy than the La-LI edge (Tab. 2.1). Gd and Dy possess even higher LIII-edge energies,

thus, an overlapping with the La-LI-edge is not required to be considered.

The spectra were recorded and evaluated similar to the the procedure described above for Ln-

K-edges. The mRDFs of the Ln-LIII-edge spectra are depicted in Fig. 5.12. It is noteworthy that
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Figure 5.12.: Fourier transforms (mRDF) of χ(k) · k3 at the Ln-LIII-absorption edges of

La2−xLnxRuO5. The corresponding mRDF from the La-K EXAFS is shown for comparison.

the signal-to-noise ratio at the LIII-edges of Sm, Gd, and Dy was by far worse that for the K-edge

spectra of Pr and Nd (see Fig. 1 in [Rie12a]). Due to the smaller maximum substitution levels

for the late lanthanides (e.g. xmax = 0.2 for Dy in comparison to xmax = 0.75 for Pr) rather small

Δμ values were observed at the LIII-edges. Because of the high absorption of the compounds, the

thickness of the samples had to be small. For these reasons, only edge jumps of Δμ ≤ 0.1 could

be achieved. As a consequence the useful k range was limited to roughly 7 Å−1 (Gd) or 10 Å−1

(Sm, Dy). Among the mRDF of the rare-earth substituted compounds the curve for Gd shows the

smallest peak for the La/Ln coordination shells due to the comparable low quality of the measured

spectra and the smallest k-range, which was evaluable. Additionally, the small k-region results in

an overall broadening of the peaks in the LIII-edge mRDFs [Kon88].

Calculation of the scattering amplitudes and phases at the LIII-edges was again performed with

FEFF8. Similar scattering paths were combined and the same four coordination spheres intro-

duced for the K-edge were used for the fit. A similar approach was previously described e.g. for

investigations of the LIII-edge of Ln2O3 [Ali97, Mal94].

For the edge-energy correction E0, the intense white lines at the LIII-edges cause an increased

shift. The fit of the data was done according to the above described procedure for the K-edges.

First the distances R and the energy shifts were refined and in a second step the weighting of

scattering paths was refined leaving R and N(Ru(α)) = 2 fixed.

The fit values are listed in the lower part of Tab. 5.4 for La1.70Sm0.30RuO5, La1.75Gd0.25RuO5,
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and La1.85Dy0.15RuO5. As was expected for the overall smaller k-range, the Debye-Waller factors

of all four backscattering shells are slighty increased compared to the K-edge.

The obtained coordination shell distances agree well with the merged values in Tab. 5.3. For

Ru(α) the accordance is excellent with approximately 3.3 Å, for Ru(β ) the distances of roughly

3.4 Å are slightly shorter than the expected 3.52 Å, while the La backscattering shells show an

increased distance compared to the merged values. With increasing distance the deviation between

the expected and observed values increases. Taking into account the above described quality of

the data such deviations are not surprising.

The obtained coordination numbers show a decrease for N(Ru(β )), which is very similar to the

one for the Pr and Nd substituted samples. The preferred occupation of Ln on the La2-site in the

LaO-layers is therefore clearly supported by the EXAFS results. The reduction from N = 6 to

3.96 for Sm, 3.91 for Gd and 4.60 for Dy corresponds to roughly 68%, 69%, and, respectively,

57% of the Ln-ions occupying the La2-site. Again, these findings are in very good agreement with

the neutron diffraction result for the Pr-substituted compounds (65 - 70% of the Pr ions in the

LaO-layer). Only for Dy no clear site preference was found in the EXAFS analysis.

5.1.2. Magnetic Properties

5.1.2.1. Paramagnetic ht-phase

In combination with the structural changes discussed in Sec. 5.1.1.1 La2−xLnxRuO5 exhibits an

anomaly at approximately 161 K in the magnetic susceptibility. This observation was explained

by a dimerization of neighboring Ru4+ S = 1 spin moments in the ab-plane leading to a spin-

singlet state. This spin pairing is linked to the structural phase transition. As mentioned in the

introduction of this chapter the investigation of the magnetic properties was performed to examine

whether the rare-earth substitution affects or even completely suppresses this magnetic transition,

while preserving the structural changes as shown in Sec. 5.1.1.

In the top frame of Fig. 5.13 the temperature dependent magnetic susceptibilities χ(T ) of

La2RuO5 and La1.9Ln0.1RuO5 (H = 1000 Oe) are depicted. The results for La1.9Ln0.1RuO5 are

dominated by the additional magnetic moments of the rare-earth metal ions. All curves possess a

clear step at the transition temperature with a reduced susceptibility. This reduction is of similar

magnitude for all samples. In the bottom frame the inverse magnetic susceptibility 1/χ(T ) shows

the influence of the magnetic lanthanide ions more clearly. The higher the value of 1/χ below Td ,

the smaller is the additional magnetic moment of the rare-earth metal ion. The order of reduction

is ”no substitution“ > Sm > Pr ≥ Nd > Gd > Dy, which reflects the values listed in Tab. 5.5.

For a quantitative analysis a fit of the inverse susceptibility in the temperature range 200 K to

300 K with a Curie-Weiss law was performed (see Eq. 2.32). χ0 was found to be in the range

of 10−4 emu/mol for all samples and is therefore not explicitely discussed here. The values for

neff derived from C are shown in Fig. 5.14 for each lanthanide ion. The solid lines represent the

calculated neff,total according to a summation of the Ru4+ and the Ln3+ magnetic moments

neff,total =
√

n2
eff(Ru)+ x×n2

eff(Ln) , (5.1)
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Figure 5.13.: Top frame: Temperature dependent magnetic susceptibility of La2RuO5 and

La1.9Ln0.1RuO5 at H = 1000 Oe. Bottom frame: Corresponding inverse magnetic susceptibility 1/χ .

where x represents the substitution level. With this model an excellent agreement is achieved as

can be seen from Fig. 5.14. Only the unsubstituted sample La2RuO5 shows a slightly increased

moment of 2.91μB compared to the theoretical 2.83μB for Ru4+ obtained from the spin-only

approximation (see Sec. 4.2.2). For the calculation of the additional magnetic moments of the

rare-earth metal ions the free-ion approximation is a well-suited description [Lue99].

In Fig. 5.15 the Curie-Weiss temperatures ΘCW derived from the same fits are shown. The neg-

ative signs indicate an antiferromagnetic interaction in the paramagnetic ht-phase. The strength of

this interaction is represented by the absolute value of ΘCW . The value of the Curie-Weiss temper-
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Table 5.5.: Electron configuration, ground state term symbol and effective magnetic moments of Ln3+

from the free-ion approximation.

Ln3+ 4fN 2S+1LJ ne f f (μ/μB)

Pr3+ 4f2 3H4 3.578

Nd3+ 4f3 4I9/2 3.618

Sm3+ 4f5 6H5/2 0.845

Gd3+ 4f7 8S7/2 7.937

Dy3+ 4f9 6H15/2 10.646
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Figure 5.14.: Effective magnetic moments in Bohr magnetons of La2−xLnxRuO5 from Curie-Weiss

fits of 1/χ in the temperature range 200 - 300 K. The solid lines represent the summation according to

Eq. 5.1 of the Ru4+ and Ln3+ spin moments calculated from the spin-only and free-ion approximation,

respectively.

ature is reduced from −177 K for La2RuO5 by the incorporation of the lanthanide ions. Clearly

the changes in the Curie-Weiss temperatures depend on the magnetic moment of the substituting

rare-earth element. Dy3+ with the highest moment leads to the strongest change in ΘCW with

values ranging from roughly −85 K at x = 0.05 to −40 K at x = 0.2. The Gd-substituted samples,

in which Gd3+ possesses a comparable magnetic moment, exhibit a very similar behavior. Pr3+

and Nd3+ reveal almost identical magnetic moments and also the Curie-Weiss temperatures of the

Pr- and Nd-substituted compounds are very similar for all substitution values x. Starting from

−110 K for x = 0.05 ΘCW declines slowly to around −80 K for x = 0.75. A very interesting ex-
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Figure 5.15.: Curie-Weiss temperatures ΘCW from the fit of 1/χ in the temperature range 200 - 300 K.

The solid lines represent ΘCW values calculated with equation 5.2.

ception are the Sm-containing compounds, which reveal a different behavior, with ΘCW increasing

from −130 K to about −200 K for La1.6Sm0.4RuO5.

Theoretical ΘCW values can be calculated using a model assuming an antiferromagnetically

interacting system consisting of two different magnetic sublattices of atoms A (Ru4+) and B (Ln3+)

according to [Goo63]:

ΘCW =
2λABCACB −λAAC2

A −λBBC2
B

CA +CB
. (5.2)

In this equation CA and CB are the Curie constants of Ru4+ and Ln3+, respectively. λAA and

λBB represent the fitting parameters of the two sublattices and λAB the effective coupling between

the two systems. The interaction strengths W according to Ref. [Goo63] in and between the

lattices could be calculated from the fitting parameters, starting with λAB = −WAB. For the two

different lattices the internal coupling values are calculated according to WAA = WAB × λAA and

WBB =WAB ×λBB, respectively.

The Curie constants CA and CB were obtained from the theoretical effective magnetic moments

of Ln3+ and Ru4+ ions (Eq. 5.1). λAB, λAA, and λBB were obtained from a least-square fitting. As

a starting point for λAA (i.e. the interaction of the Ru-moments) the value for undoped La2RuO5

was used, which can derived from ΘCW = −λAA ×CA. The calculated data for the Curie-Weiss

temperatures according to Eq. 5.2 are drawn as solid lines in Fig. 5.15 using the same colors

as for the measured values (shown as symbols). In general, a satisfying agreement between the

experimental ΘCW values and the calculated ones is observed. All coupling strengths W possess

a negative sign indicating an antiferromagnetic interaction and for the Pr-, Nd-, Gd-, and Dy-
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Figure 5.16.: Temperature dependence of the magnetic susceptibility of La2RuO5 and La1.9Ln0.1RuO5

after subtraction of the corresponding trivalent rare-earth metal ion susceptibility χLn. The inset shows

Arrhenius-plots of the additionally χ0-corrected susceptibilities χcorr. The solid black line corresponds

to a 40 meV spin-gap.

substituted compounds an ascending order of absolute values WAB <<WBB <WAA was found. In

contrast, for the Sm containing samples the Sm–Sm interactions are strongly dominating (WAB <<

WAA <<WBB) which leads to the decrease of ΘCW values and the appearance of a maximum at very

low substitution levels. In summary, the weakest interaction for all compounds was found between

the two sublattices and the strongest coupling was obtained within the Ru4+ sublattice (except for

Sm) in accordance with the observed Ru-spin dimerization below approximately 161 K. Crystal-

field effects (especially for Pr and Nd [Pen32]) and the different nature of the interaction between

the two crystallographic Ln-sites and the Ru4+ sublattice should be included for a more detailed

explanation of the ΘCW behavior. The crystal-field effects are reflected by the values of λAA, which

are deviating at x = 0 for the Pr-, Nd-, and Sm-substituted compounds, strongest observed for Pr

followed by Nd and weakest for Sm.

The quality of the fit may be improved by a more complicated model which accounts for the

two Ln3+–Ru4+ exchange-interaction terms for each site which have to be weighted since their

occupancies are different as shown in the previous section 5.1.1.3. In the case of Sm-substituted

samples the obtained results should be treated with caution since the magnetic moment of Sm3+

is small (see Tab. 5.5) and neff is temperature dependent as a result from the energetically close 4 f
multiplet levels [Lue99].

From the above discussed results it can be concluded that the influence of the lanthanide ions,

which are preferably occupying the LaO intermediate layer, on the Ru–Ru dimerization is very
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5. Influence of Substitution on La2RuO5

small. The reduction of the Curie-Weiss temperature with higher substitution level and different

Ln3+ moments as well as the observed interaction strengths are confirming the assumption of an

only weak interaction between the two sublattices. A similar situation was recently found for

Ln2/3Cu3Ti4O12 [Dit11] which also can be considered as consisting of two nearly independent

magnetic systems.

5.1.2.2. Magnetic Properties of the Low-Temperature Phase

To investigate the magnetic behavior of La2−xLnxRuO5 in the lt-phase, the experimental suscepti-

bilities were evaluated with respect to the rare-earth contribution by subtracting the susceptibility

of unsubstituted La2RuO5. The residuals were fit with the sum of a Curie-Weiss law and a con-

stant contribution as described above in the temperature interval 10 K ≤ T ≤ 300 K. Very small

χ0 values in the order of 10−4 emu/mol were obtained which are in the range of the observed

temperature independent shifts visible in Figs. 5.16 and 5.17. The χ0 values will be discussed in

more detail below. Applying the free-ion approximation, the expected values for the lanthanide

moments are neff,theo =
√

x ·neff(Ln). In Tab. 5.6 the experimentally obtained (neff,fit) and expected

(neff,theo) values are listed for the compounds with substitution level x = 0.1 and for selected Pr

substituted compounds (x = 0.25, 0.5, 0.75). The results for neff,fit are in reasonable agreement

with the expected values. On the one hand, this reflects the correct stoichiometry of rare-earth

ions in the compounds and, on the other hand, it also proves that the summation of the lanthanide

and the Ru magnetic moment is a reasonable approximation to describe the magnetic behavior of

the samples, both below and above the magnetic transition. Only at temperatures below roughly

30 K this model cannot be applied, because crystal-field effects and interactions between the 4 f
electrons of the rare-earth metal ions become important. This effect correlates with the specific-

heat data described in Sec. 5.1.3. The Curie-Weiss temperatures ΘCW,Ln are close to zero for

most of the samples, indicating a negligible magnetic interaction of the lanthanide ions. In the

Pr-doped compounds slightly negative ΘCW,Ln values are caused by the crystal-field splitting of

the Pr ground state [Pen32].

In Figs. 5.16 and 5.17 modified susceptibilities for La1.9Ln0.1RuO5 and La2−xPrxRuO5 are de-

picted. To derive these curves, the contribution of the rare-earth metal ions was calculated using

neff and ΘCW,Ln from Tab. 5.6 and subtracted from the experimental data. The results are denoted

in the following as χ −χLn and χ −χPr, respectively. The susceptibility of pure La2RuO5 is shown

in both figures for comparison. The remaining susceptibilities for La2−xLnxRuO5 are very similar

to the one of the unsubstituted material. Especially the strongly reduced low-temperature suscepti-

bility and the transition step between 150 K and 170 K are clearly visible for all compounds. Also

the shift of the transition temperatures depending on the rare-earth element and the substitution

level x is evident. The values of χ − χLn above the magnetic transition change in the order Sm

> Nd, Pr > Dy, Gd ≥ La2RuO5. This temperature independent shifts can partly be explained by

the van-Vleck paramagnetism χ0 of the rare-earth metal ions, which is here unexpectedly strong

for Sm, intermediate for Nd and Pr, and negligible for Gd and Dy according to the crystal-field

multiplet-level splitting [Lue99].
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Figure 5.17.: Temperature dependence of the magnetic susceptibility of La2RuO5 and La2−xPrxRuO5

after subtraction of the Pr3+ susceptibility χPr.

Table 5.6.: Effective magnetic moments neff and Curie-Weiss temperatures ΘCW,Ln of the Ln3+ ions in

selected La2−xLnxRuO5 compounds. See text for details.

Compound ΘCW,Ln (K) neff,fit (μ/μB) neff,theo (μ/μB)

La1.9Sm0.1RuO5 -3.61(5) 0.27(2) 0.26

La1.9Nd0.1RuO5 0.19(5) 0.81(2) 1.14

La1.9Gd0.1RuO5 -0.08(5) 2.44(2) 2.50

La1.9Dy0.1RuO5 -0.24(5) 3.05(2) 3.36

La1.9Pr0.1RuO5 -3.74(5) 1.03(2) 1.13

La1.75Pr0.25RuO5 -6.71(5) 1.60(2) 1.78

La1.5Pr0.5RuO5 -7.10(6) 2.34(2) 2.53

La1.25Pr0.75RuO5 -16.63(8) 3.03(2) 3.09

According to Sec. 4.2.2 the derivatives of the susceptibilities yield a peak, which can be fit using

a Lorentzian profile. For this χcorr without the lanthanide moment was taken, since these data

undisturbtly show the dimerization transition. The temperatures of the peak centers are in good

agreement with Td reported in Sec. 4.2.2, but are shifted to lower temperatures by approximately

4 K. This is to be expected since in Sec. 5.1.2.3 the onset temperatures were used. The FWHM of

the peaks vary between 6 K and 10 K and the peak areas remain almost constant for all samples

reflecting the identical spin-dimerization occurring in the samples.
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Figure 5.18.: Temperature dependent magnetic susceptibility of La1.75Pr0.25RuO5 for different exter-

nal magnetic fields. Cooling and heating cycles are marked by arrows.

To investigate the size of the spin-gaps, χ0 was additionally subtracted from the susceptibilities

and the residuals are denoted as χcorr. In the inset of Fig. 5.16 the logarithm ln[χcorr] is depicted

as a function of the inverse temperature in an Arrhenius-plot providing spin-gaps of 40±10 meV

for the samples with x = 0.1. This constant value is also found for the Pr substitution series and

therefore it can be concluded that a constant spin-gap of roughly 40 meV is characteristic for

all polycrystalline La2RuO5 samples. This indicates that the the rare-earth substitution has only

a negligible influence on the spin-gap in accordance with the weak influence of the lanthanides

on the physical properties and crystal structure. Furthermore, the almost constant spin-gaps are

behaving similar to the related J0 values obtained from the peak in the specific heat (Sec. 5.1.3).

As reported in Sec. 4.2.2 the change in the susceptibility takes place in a very narrow tempera-

ture interval for single crystals of La2RuO5 and exhibits a thermal hysteresis of roughly 4 K. For

polycrystalline samples, on the other hand, the transition is broadened to a range of roughly 30 K

without a visible hysteresis. This large temperature interval can be explained by minor inhomo-

geneities in the polycrystalline material. Since no broadening of the x-ray or neutron-diffraction

peaks was observed, the proposed inhomogeneities must be limited to a very local scale. This

interpretation is supported by the fact that a La2RuO5 sample synthesized by solid-state reaction

with 24 hours calcination [Ebb05] showed a broader transition compared to the sample prepared

by the soft-chemistry route. It can be seen in Figs. 5.16 and 5.17 that the lanthanide substitution

does not additionally change the width of the transition step, which is in agreement with the above

described independency of the magnetic sublattices and the identical sample morphology expected

for the sol-gel prepared samples.
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The occurrence of a possible transition hysteresis in the La2−xLnxRuO5 samples was studied,

and as an example, Fig. 5.18 shows temperature cycles of the susceptibility of La1.75Pr0.25RuO5

for various magnetic fields between H = 5 kOe and 80 kOe. The difference between the heating

and cooling curves amounts to roughly 1.5 K, which is comparable to the difference obtained by

DSC measurements (see Sec. 5.1.2.3). For the other compounds similar values were obtained,

in most cases the temperature deviation was well below 1 K. Although in La2RuO5 single crys-

tals the hysteresis of 4 K suggests a first-order character, the broadening of the transition due to

inhomogeneities in the polycrystalline samples induces a more second-order like behavior.

5.1.2.3. Effect of Ln-Substitution on the Phase-Transition Characteristics

The influence of the substitution on the phase transition was investigated by temperature dependent

magnetic susceptibility and DSC measurements [Rie11].

For the determination of the transition temperature from the susceptibility data the paramag-

netic contribution of the ht-phase was calculated using the above obtained parameters for C, ΘCW

and χ0 and subtracted from the 1/χ data. The obtained results are shown in Fig. 5.19a for se-

lected Pr-substituted compounds. The dimerization temperature (Td) was taken from the onset,

i.e. the intersection point of the tangent of the 1/χ curve with the temperature axis. A remarkable

temperature change can be observed in Fig. 5.19a. The onsets of the curves are shifted towards

lower temperatures with increasing rare-earth substitution level. Numerical values are shown in

Fig. 5.20a and discussed below.

Transition-temperature data were also derived from DSC-measurements by heating the samples

controlled from 100 K to room temperature. In Fig. 5.19b a typical DSC-measurement is depicted.

The small sharp peaks below the transition temperature are instrumental artifacts. In analogy to

the magnetic measurements the onset temperature for the transition was determined as shown in

Fig. 5.19b. As a second characteristic the temperature of the DSC peak was used. The transition

leads to an endothermic signal caused by the breaking up of the Ru–Ru dimers during heating.

In Fig. 5.20a the transition temperatures derived from the susceptibility data and the DSC mea-

surements are shown for the Pr- (left) and the Nd- (right) substituted compounds. The results from

the different methods agree very well with deviations of only a few K. The agreement is slightly

better for Nd than for Pr. As a general behavior a linear shift of the dimerization temperatures to

lower values with increasing substitution level x was observed.

For the Sm-, Gd-, and Dy-substituted samples Td values could not be obtained from DSC data

because they range below the available temperature regime of the instrument. Thus, only the

magnetization results are shown in Fig. 5.20b for all compounds investigated. Comparing the

temperature changes from Fig. 5.20b with the structural data of the unit-cell axis lengths a de-

picted in Fig. 5.2, a remarkably similar behavior is found. Obviously the decrease of Td is directly

correlated to the structural compression, which confirms the strong linkage between the structural

and magnetic phase transitions. On the other hand, no significant influence of the magnetic mo-

ments of the substituting lanthanides on the temperature change of Td was detected. This again

proves the weakly coupled magnetic moments of Ru4+ and the Ln3+ ions.
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Figure 5.19.: a) Inverse magnetic susceptibility of the Pr-substituted samples calculated after subtrac-

tion of the high-temperature paramagnetic susceptibility deduced from Curie-Weiss fits (χCW ). See

text for details. b) DSC curve from the heating of La1.75Nd0.25RuO5. The onset temperature was taken

from the intersection of the two blue tangents.

The dimerization temperatures shown in Fig. 5.20 can be compared with the values of |ΘCW |
from the Curie-Weiss fit of the inverse susceptibility. In La2RuO5 and the Sm-substituted com-

pounds Td and |ΘCW | are comparable (around 170 K). The Pr- and Nd-substituted compounds

show |ΘCW | values which are roughly half of Td . For Gd and Dy the ratio f = |ΘCW |/Td is even

less than one third. This indicates the absence of untypical magnetic frustration e.g. due to geo-

metric reasons, because frustration is generally indicated by a considerably higher ratio of at least

ten [Ram94]. On the other hand, (geometric) magnetic frustration is not be expected considering

the almost square-planar arrangement of the Ru ions in the LaRuO4-layers.
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Figure 5.20.: a) Comparison of the transition temperatures obtained by DSC and magnetic measure-

ments for the Pr- and Nd-substitution series. b) Dimerization temperatures Td obtained from magnetic

suceptibility data for La2−xLnxRuO5.

From the above given results it can be summarized that the phase transition is not considerably

influenced by the magnetic moments of the lanthanides. In contrast, the evolution of the transi-

tion temperature is obviously directly correlated to the structural changes caused by the smaller

radii of the rare-earth metal ions. It has to be noted that the effect of the substitution turned out

to be opposite to what originally was expected. The incorporation of the smaller Ln-ions leads

to a reduction of the cell parameters. Therefore, the distance between the paramagnetic Ru4+

centers in the a-direction becomes shorter, while the intralayer distances in the LaRuO4-layers

remain merely constant. One would expect that this shorter distance results in a stronger interac-

tion and, in turn, to an increase of the magnitude of Td . In contrast, Td and also |ΘCW | decrease,

revealing a weaker antiferromagnetic exchange interaction. This reduced antiferromagnetic cou-
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pling may partly be caused by the increasing deformation of the RuO6 octahedra with increasing

x. Probably more important are the observed changes in the Ru–O–Ru angles with respect to the

Goodenough-Kanamori-Anderson rules (see Sec. 4.2.2). As discussed in detail in Sec. 5.1.1 we

found a small decrease of the Ru–O–Ru angles along c as a result of the introduction of the smaller

lanthanide ions. This smaller bond angle is expected to result in a weakening of the antiferroma-

gentic coupling parallel to this crystallographic direction. However, the observed reduction of the

tilting angle is maybe too small to explain the lower transition temperatures only by the superex-

change mechanism. Another possible explanation comes from the unit-cell volume-contraction

with increasing x itself. The contraction causes an enhanced overlap of orbitals which results in

a broadening of the electron bands near the Fermi-level. This broadening is leading to a less lo-

calized nature of the electrons [Hof87]. This effect causes a weakening of the antiferromagnetic

exchange within the dimers and, hence, a decrease of Td .

5.1.3. Specific Heat

Similar to the undoped La2RuO5, the specific heat was measured for the rare-earth substituted

samples with the highest achievable substitution level of each rare-earth element. The experimen-

tal data of Cp/T are depicted in Fig. 5.21, shifted in equidistant steps for clarity. All samples

provide very similar heat capacities and reach a value of Cp ≈ 180 J mol−1 K−1 at 300 K. Thus,

the expected Dulong-Petit limit Cp = 3z ·R ≈ 199.54 J mol−1 K−1 (z is the number of atoms per

f.u. and R is the gas constant) is not yet reached at room temperature. A peak between 130 K and

170 K was observed for all samples mirroring the magneto-structural phase transition. The peaks

show an increasing asymmetric broadening with increasing atomic number of the lanthanide.

The fit of the lattice contribution was carried out according to the description in Sec. 4.2.3

using the same weighting scheme. The resulting Debye- and Einstein-temperatures are listed in

Tab. 5.7. The individual temperatures are increasing from La2RuO5 to La1.8Dy0.2RuO5 following

the atomic number and in turn the weight of the rare-earth element. This behavior possibly reflects

the increasing rigidity of the crystal lattice according to the smaller unit-cell volumes, which were

observed for increasing substitution level and decreasing size of the lanthanide ion.

For the rare-earth metals the influence of the crystal-field excitations is increasing the heat ca-

pacity below roughly 15 K as shown in Fig. 5.22 using a representation Cp/T 3 vs. T according to

a Debye T 3 model. A logarithmic scale for the ordinate axis was chosen to increase clarity in the

low-temperature range. The rise observed for the rare-earth substituted samples can be described

as Schottky-type anomaly caused by crystal-field splitting of the 4 f levels [Sin08, Lay09]. The

crystal-field Schottky anomaly is proportional to T−2 (for T � ΔCF ) in Cp [Tar03]. Correspond-

ingly, this behavior is proportional to T−5 in Cp/T 3, which is marked by the solid line in Fig. 5.22.

The expected T−5 behavior is observed for the Nd-, Sm-, and Gd-substituted samples, which could

even be improved by subtraction of the La2RuO5 experimental data. For La1.25Pr0.75RuO5 the

data below 4 K seem to be unreliable and for La1.8Dy0.2RuO5 the crystal-field excitations appear

to be weaker in this temperature range. Measurements in different magnetic fields yield behav-

iors consistent with Schottky-type anomalies. The appearance of an uprise for La1.7Gd0.3RuO5
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Figure 5.21.: Temperature dependence of the specific heat in the representation Cp/T vs. T for

La2RuO5 and La2−xLnxRuO5 with the highest available substitution level for each rare-earth element

(symbols). For clarity the curves were shifted by a constant value. The solid lines mark the Einstein-

Debye fits. For more details see text.

was rather surprising with respect to its intensity, but is in agreement with similar findings for

e.g. Gd1−xSrxTiO3 [Hei01]. As expected, for the pure La2RuO5 no significant increase of Cp is

observed.

Using a single Debye T 3 term for the low-temperature region, a first estimate of the Debye

temperature of La2RuO5 was obtained. As can be seen from Fig. 5.22 this simplified model is not

sufficient to describe the specific heat due to the temperature dependent behavior of Cp/T 3. For

the more sophisticated fit of Cp/T an additional term c0 was required to improve the fit quality.

In metals c0 is known as Sommerfeld-coefficient representing the contribution of the conduction

electrons, which is proportional to the density of states at the Fermi energy. For semiconducting
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5. Influence of Substitution on La2RuO5

Table 5.7.: Results of the heat-capacity fits of La2−xLnxRuO5 (see text for details). The magnetic

entropy Smag was calculated by the integration of Cp/T after the subtraction of the lattice contribution.

Sample ΘD (K) ΘE1 (K) ΘE2 (K) ΘE3 (K) ΘE4 (K) Smag
(

J
mol K

)
La2RuO5 132 175 217 325 520 4.2(3)

La1.25Pr0.75RuO5 132 175 222 335 515 3.9(3)

La1.4Nd0.6RuO5 135 182 219 330 564 4.0(3)

La1.6Sm0.4RuO5 139 177 223 341 547 3.8(3)

La1.7Gd0.3RuO5 140 192 231 358 583 4.0(3)

La1.8Dy0.2RuO5 140 192 238 354 580 3.6(3)

1 10 100
10-5

10-4

10-3

10-2

10-1

100

 

 

 La2RuO5

 La1.25Pr0.75RuO5

 La1.40Nd0.60RuO5

 La1.60Sm0.40RuO5

 La1.70Gd0.30RuO5

 La1.80Dy0.20RuO5

C
p/T

 3
 (J

 m
ol

-1
 K

-4
)

T (K)

~ T -5

Figure 5.22.: Low-temperature specific heat on a double logarithmic scale in the representation Cp/T 3

vs. T of La2RuO5 and selected La2−xLnxRuO5 samples.

oxides, however, a value of zero is expected because of the existing band gap. Here c0 is only a

parameter, which accounts for any additional temperature-independent contribution to the specific

heat, like e.g. the higher crystal-field levels of the rare-earth metal ions, which can extend up to

energies corresponding to room temperature. These contributions will not be further discussed

due to their general complexity and they provide no significant information on the dimerization

transition.

In Fig. 5.21 the Einstein-Debye fit results are shown as solid lines and they are in good agree-

ment with the measured data (symbols). This adequate description of the phonon contribution is

required for reliable results since even small deviations strongly influence the subsequent calcula-

122



5.1. Lanthanide Substitution: La2−xLnxRuO5

75 100 125 150 175 200
0

1

2

3

4

5

La1.70Gd0.30RuO5

La1.80Dy0.20RuO5

La1.40Nd0.60RuO5

La1.60Sm0.40RuO5

La1.25Pr0.75RuO5

 

 

S
m

ag
 (J

 m
ol

-1
 K

-1
)

T (K)

La2RuO5

S = 0.5 R ln(3)

Figure 5.23.: Magnetic entropy obtained from integration of the La2−xLnxRuO5 specific-heat residuals

after subtraction of the lattice contribution. The value of 0.5Rln(3) is a first approximation showing

the significant contribution of the dimer state to the total entropy.

tions. To obtain the magnetic contribution to Cp, the Einstein-Debye fits (parameters in Tab. 5.7)

were subtracted from the experimental data. The residuals Cp −Clattice were integrated between

approximately 75 K and 250 K according to Smag =
∫
(Cp −Clattice)/T dT . The results for the en-

tropies Smag are depicted in Fig. 5.23 and show very similar constant excess entropies between 3.6

and 4.2 J mol−1 K−1 (Tab. 5.7) for all samples. These values corroborate the pure spin dimerization

occurring at the magnetic transition and they are ruling out any kind of long-range order in agree-

ment with ND experiments, in which no additional magnetic peaks were observed in Ref. [Ebb05]

and Fig. 5.1.

The very similar values obtained for Smag reveal the same nature of the phase transitions and

spin dimerization in all La2−xLnxRuO5 compounds in accordance with the results described in

Sec. 5.1.2.2. Furthermore, the slight variation of the entropies correlates to some extend with

the varying dimerization temperatures of the rare-earth substituted samples reflecting a slightly

reduced intradimer exchange J0 as a result of the substitution.

On the other hand, besides the magnetic entropy also the effect of the structural transition has to

be regarded. However, it is impossible to separate its contribution since both transitions are cou-

pled. The above described good agreement of the magnetic entropy with the theoretical estimate

indicates that the change of Cp caused by the structural transition is very small.
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Figure 5.24.: Sum of the Ru contributions (spin-up channel) to the partial density of states (pDOS)

close to EF in the lt-phase of selected La2−xPrxRuO5 compounds applying LSDA.

5.1.4. DFT Calculation

To investigate the effect of the rare-earth substitution, one, two, and three La ions within the unit

cell in P1 setting were replaced by Pr ions, respectively, reflecting the substitution levels x = 0.25,

0.50, and 0.75. Different arrangements of Pr in the crystal lattice were tested. The lowest total

energy was achieved for the different substitutions as follows: For x = 0.25 when the single rare-

earth metal ion was placed in the LaO-layer, for x = 0.50 when the two Pr ions were divided

to occupy both layers, and for x = 0.75 one Ln had to be placed in the LaRuO4- and two in

the LaO-layer. In the ht-modifications the same lanthanide-ion distribution had to be applied to

obtain minima in total energy. These lanthanide-ion distributions are in very good accordance with
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5.1. Lanthanide Substitution: La2−xLnxRuO5

neutron-diffraction results of Pr-substituted compounds and EXAFS investigations (Sec. 5.1.1.3).

Studies of the spin-singlet state (consisting of dimers of antiferromagnetically arranged Ru (S = 1)

spins) in the lt-phase were performed for Pr-substituted compounds with the same lanthanide-

distribution scheme like in the ht-phase.

A comparison of the Ru contribution to the DOS close to EF for different Pr substitution levels

in the lt-phase of La2−xPrxRuO5 is shown in Fig. 5.24. As can be seen, the Ru 4d bands are broad-

ening [Hof88] and slightly shifting with increasing Pr content. The decreasing absolute values of

the Ru spin moments correlate with the declining transition temperature in La2−xLnxRuO5 with

increasing x. In contrast the DOS below EF −2 eV remains almost unchanged since the structural

changes are barely influencing the oxgen 2p bands. As expected, the 4 f states of Pr are located

around the Fermi-energy in very narrow bands, however, the hybridization with the other bands

seems to be negigible.

For all lt-modifications different starting models for the magnetic arrangement and the Pr-

substitution were used. The completely antiferromagnetic arrangement shown in Fig. 4.26 is

slightly favored by up to 0.14 eV per unit cell for the Pr substituted compounds, compared to

the unpolarized LDA calculations or the LSDA results obtained for other magnetic arrangements,

independent of the magnetic moments of the Pr ions. The obtained local Ru spin moments in

the favored magnetic arrangment were found to be approximately S↑ = +0.95 and S↓ = −0.98

for neighboring sites in La2RuO5, reflecting the antiferromagnetic pairing. The absolute values

of the localized moments are strongly decreasing with increasing Pr substitution level mirroring

a possible higher delocalization of the Ru spin moments, which explains the observed change in

transition temperature. Alternatively, this could be an artifact of the modelling. Possibly a part

the Ru 4d electron density is simply shifted into the Pr 4 f bands located at EF. For x = 0.25 spin

moments +0.85 and −0.79 are found, for x = 0.50 they amount to ±0.32, and for x = 0.75 only

+0.05 and −0.07 remain. This evolution of the absolute values of the local magnetic Ru moments

at first sight seems to contradict the above described similar magnetic pairing in all rare-earth

substituted compounds. However, the dimerization character is preserved by constant exchange

interactions although the local magnetic moments distinctly decrease.
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5. Influence of Substitution on La2RuO5

5.2. Ti Substitution and Combined Ti-Pr Substitution:
La2−xPrxRu1−yTiyO5

5.2.1. Ti Substitution

In perovskite-related ruthenates titanium substitution previously was carried out for e.g. SrRuO3

and the layered Sr2RuO4. The (partial) replacement of Ru by Ti typically leads to a metal to insu-

lator transition and an increased thermal stability of the compounds [Puc02, Osw93]. Sr2RuO4 has

been investigated extensively due to the occurrence of unconventional superconductivity at 0.93 K

[Mae94], which is suppressed already by traces of Ti [Puc02]. The ruthenates LnCu3Ru4O12 (Ln
= La, Pr, Nd) are heavy-fermion compounds, which show a change of various physical properties

including a metal to insulator transition and the change from itinerant magnetism to local moments

upon increasing Ti substitution [Ram04, Ebb10, Bue10]. This will be described in more detail in

chapter 6.

As shown in the previous section, for all rare-earth substituted compounds La2−xLnxRuO5 the

structural phase transition from the monoclinic ht- to the triclinic lt-modification was observed,

always occurring in combination with the antiferromagnetic Ru–Ru dimerization and concomitant

spin-singlet formation. This indicates that the stuctural changes caused by the substitution and

additional magnetic moments of the rare-earth metal ions do not significantly influence the singlet

ground state of the Ru spin system. Starting from this consideration it was planned to more di-

rectly affect the magnetic coupling by substituting Ru with Ti. Ti4+ is non-magnetic due to its 3d0

configuration and, therefore, interrupts the magnetic exchange between the Ru S = 1 spins. Fur-

thermore, the Ti incorporation should affect the crystal structure because La2TiO5 crystallizes with

an orthorhombic unit cell isostructural to Y2TiO5 and Ln2RuO5 (Sec. 5.1), which is completely

different from the La2RuO5 structure [Gui66, Pet03, Mum68].

It was not possible to synthesize polycrystalline La2Ru1−yTiyO5 samples by a conventional

solid-state reaction. Thus, an adapted sol-gel route was developed to obtain single phase samples

up to y = 0.45, which is described in detail in Sec. 2.1.3. The samples are investigated in detail

with respect to their crystal structure and the impact of emerging structural changes on the spin-

Peierls like transition. To deepen the understanding of the phase-transition behavior the Ru and

Ti oxidation states were determined by XANES spectroscopy. Furthermore, the entropy of the

dimerization transition was investigated with specific-heat measurements to study the exchange

interaction strength. DFT calculations were performed to support the interpretation of the ex-

perimental results of the magneto-stuctural transition. The results presented in this section are

descibed in detail in Refs. [Rie13a, Rie13b].

5.2.1.1. Crystal Structure

By x-ray diffraction no traces of impurities were detected for y < 0.3. However, for y ≥ 0.30

an increasing amount of La3RuO7 [Kha00] up to roughly 1.5 % (y = 0.45) was observed. The

occurance of this phase can be ascribed to the small excess of La(NO3)3, which had to be applied

to obtain single-phase samples at lower substitution levels. The most intense reflex of the La3RuO7
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Figure 5.25.: a) Rietveld refinement of the La2Ru0.7Ti0.3O5 x-ray diffraction pattern measured with

Cu-Kα1,2 radiation at room temperature. The asterisk marks a trace of La3RuO7. The inset b) shows

a magnification (10×) of the angular range 80◦ ≤ 2θ ≤ 150◦ to illustrate the good fit quality even

at high diffraction angles. c) Room temperature Cu-Kα1,2 x-ray diffraction patterns of La2RuO5 and

Ti-substituted compounds with y = 0.15,0.30,0.45 in the region 30.25◦ to 31.75◦ showing the angular

evolution of selected Bragg-reflections due to structural changes caused by the Ti substitution.

pattern at roughly 2θ = 28◦ is marked with an asterisk in Fig 5.25a. The beginning appearance of

the reflex can be related to an amount of roughly 0.5 % in this sample. No further additional peaks

are observed, indicating that no superstructure with long-range ordered Ru and Ti occurs, and that

the two elements are distributed statistically on the Ru-sites.

The replacement of the Ru4+ ions (ionic radius: 0.620 Å) by slightly smaller Ti4+ ions (0.605 Å)

[Sha76] in the octahedra of the LaRuO4-layers causes structural stress and, as a consequence, only

a partial substitution can be achieved. Remarkably, although almost half of the Ru is substituted,

no indications for the formation of the La2TiO5 crystal structure is observed. For y ≥ 0.5 the

amount of impurity phases increased dramatically. Therefore, these samples are not discussed in

the following.

At room temperature the La2Ru1−yTiyO5 powder samples crystallize in the monoclinic space

group P21/c in accordance with the unsubstituted La2RuO5. The Rietveld analysis of the x-ray

diffraction pattern of La2Ru0.7Ti0.3O5 recorded at room temperature is depicted in Fig. 5.25a and

b as an example for the very good agreement of calculated pattern and measurement. Numeri-
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5. Influence of Substitution on La2RuO5

cal values of the XRD Rietveld analysis results for all samples are listed in the supplementary

information in Ref. [Rie13a].

In Fig. 5.25c the angular range 30.25◦ ≤ 2θ ≤ 31.75◦ of the XRD patterns of pure La2RuO5

and selected Ti-substituted compounds with y = 0.15,0.30,0.45 are shown in more detail. The

(0 2 0) peak is shifted with increasing y to higher 2θ values reflecting a shortening of the unit-cell

parameter b. For the other two axes the influence of the substitution is by far less pronounced.

This observation is in clear contrast to the structural changes caused by rare-earth substitutions. In

La2−xLnxRuO5 the a-axis was found to become particularly shorter mirroring the incorporation of

the smaller lanthanide ions in the LaO-layers.

The values for the room temperature unit-cell parameters obtained from the Rietveld refinements

are depicted in Fig. 5.26a for a, b, and c and in Fig. 5.26b for β as a function of the substitution

level y. The length of the a-axis slightly decreases up to y = 0.25 and then significantly increases.

Upon substitution the b-axis decreases linearly by approximately 0.04 Å and, in contrast, the c-

axis increases linearly with y. The most significant changes concern the b-axis (≈ 0.75%). Linked

to the increase of c, the monoclinic angle β also increases linearly from approximately 100.75◦ to

101.2◦ (Fig. 5.26b). The behavior of β is similar to observations in La2−xLnxRuO5 with smaller

rare-earth metal ions like Gd and Dy in Sec. 5.1.1. The limit of the structural changes upon Ti

substitution is reached at ≈ 9.192 Å for a, at ≈ 5.79 Å for b, and at ≈ 7.975 Å for c.

The changes of the unit-cell axis lengths detected for the Ti-substituted samples are clearly

different from the ones caused by rare-earth substitution, where all three unit-cell axes were found

to decrease with increasing substitution level. This behavior was assigned to the ionic radii of

the smaller lanthanide ions compared to the La3+ ion. Consequently, the shrinkage of the cell

parameters becomes stronger with decreasing ionic radius of Ln3+. The rare-earth metal ions

are preferably incorporated in the LaO-layer, therefore, in these compounds the a-axis shows the

strongest decrease. Titanium, on the other hand, can only occupy the Ru-site within the LaRuO4-

layers. This affects the Ru–O distances, as reflected by the b- and c-axis variation. The a-axis

which is related to the interlayer distance, therefore, is rather undistorted.

The relative changes of the unit-cell parameters are shown in Fig. 5.26c. The values were

calculated by normalizing the cell parameters of the substituted samples to the corresponding cell

parameters of La2RuO5. A linear behavior is observed for all cell parameters except for a and

the unit-cell volume. These show a significant kink at y = 0.25. β , c, and a increase by roughly

0.4%, 0.2%, and 0.1%, respectively. In contrast, b decreases strongly by approximately 0.75%

in turn causing a decrease of the unit-cell volume. The anomalies detected close to y ≈ 0.25

might indicate that for y ≥ 0.3 the characteristics of the magnetostructural transition are changing.

Despite these clearly observable changes, it is noteworthy that the maximum relative changes are

rather small (below 1 %), which is not surprising considering the minor difference of the ionic

radii of Ru4+ and Ti4+.

In Sec. 4.1.2 and 5.1.1.1 the ruthenium-oxygen distances in La2RuO5 obtained by powder neu-

tron diffraction and single-crystal x-ray diffraction [Ebb05, Rie11, Rie12a] have already been

discussed. The distances range between 1.933 Å and 2.067 Å. The shorter Ru–O bonds (O3, O4)

are pointing to the LaO-layers, while the longer bonds (O2 and O5) are crosslinking the corner
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Figure 5.26.: Cell parameters for La2Ru1−yTiyO5 derived from Rietveld analysis of powder XRD data

at room temperature. a) Cell parameters a, b, and c. b) Monoclinic angle β . Error bars are below the

size of the symbols. c) Relative change of the cell parameters. The cell parameters of La2Ru1−yTiyO5

were divided by their corresponding values for La2RuO5. d) Comparison of the cell parameters for the

high-temperature (300 K) and low-temperature phases (100 K) of La2Ru1−yTiyO5. Values of α and γ
are 90◦ in the ht-phase.

sharing octahedra in the LaRuO4-layer. For La2Ru1−yTiyO5 similar values are obtained from the

powder XRD data, i.e. the shape of the octahedra is barely influenced by the substitution and

the observed changes of the unit-cell parameters b and c are correlated to the angles between the

octahedra. Although the Rietveld analysis of XRD measurements yields structural information for

the oxygen atoms with a somewhat broader error range than ND data, the accuracy is sufficient

to monitor the evolution of the corresponding bond angles upon Ti substitution. It was found that

the O5–Ru–O5 and the O2–Ru–O2 angles in the octahedra remain almost constant with values

of approximately 95◦ and 178◦, respectively, which is in good agreement with ND results for
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La2RuO5 [Ebb05]. Furthermore, the Ru–O2–Ru angles along the c-axis of La2Ru1−yTiyO5 are

similar 153(1)◦ to the ones of La2RuO5 (152.5◦). In contrast, the angles for Ru–O5–Ru increase

significantly from 155.4◦ for La2RuO5 to roughly 160◦ with increasing Ti substitution level y. This

results in a reduced tilting of the octahedra in the ab-plane, which causes the observed decrease of

the unit-cell parameter b and also explains the slightly increasing values of a at higher substitution

levels.

Bond-valence sum (BVS) calculations based on the XRD data were performed, from which

the formal valences of the ions were derived [Bro85]. In the LaRuO4-layers of the Ti-substituted

compounds valences of +3.0 for La, -2.0 for O and +4.0 for Ru were found in perfect agreement

with the formal charges. The slightly smaller Ti ion radius compared to Ru results in a smaller

value for the oxidation state of roughly +3.9. In the LaO-layers deviations of the valences due

to the shortened La–O distances are observed. Oxidation states of approximately +3.3 and -2.5

for lanthanum and oxygen, respectively, are obtained. This effect has already been observed for

pure and rare-earth substituted La2RuO5 and corresponds to smaller La-sites in the LaO-layers

compared to the LaRuO4-layers (Sec. 5.1.1.1).

For the low-temperature modification the evolution of the unit-cell parameters was investigated

by XRD at 100 K. Samples with y = 0, 0.1, 0.25, and 0.45 were used for the measurements.

For a better comparability the room-temperature cell parameter data were divided by their cor-

responding values obtained at 100 K. The results are shown in Fig. 5.26d. For the unsubstituted

La2RuO5 (i.e. y = 0), the angle γ increases distinctly by approximately 1.8 % due to the phase

transition, while all other cell parameters remain basically constant (changes below 0.3 %). From

Fig. 5.26d it can be seen that the ratio for γ approaches unity with increasing titanium-substitution

level. This indicates that the structural phase transition is progressively supressed by the Ti incor-

poration. A comparison of the patterns of La2Ru0.55Ti0.45O5 obtained by XRD using synchrotron

radiation (λ = 0.56285 Å) at 50 K and 300 K shows no significant difference implying that the

structural transition is completely supressed for this substitution level. The results from magnetic

measurements discussed in the following clearly support this finding.

The thermal contraction of the unit-cell volume for La2Ru0.55Ti0.45O5 from room temperature

down to 50 K was additionally determined. The thermal expansion coefficient αc = 24.2(2) ·
10−6 K−1 derived from the fit according to V = V300K · exp(−αc ·ΔT ) is in the usual range for

inorganic oxide materials [Hay11]. Below 100 K the contraction and, hence, αc decreases, which

is a commonly observed behavior since the thermally activated vibration of the ions in solids

freezes in with decreasing temperature [Kri09, Ebb98].

5.2.1.2. X-ray Absorption Spectroscopy

To investigate a possible influence of the substitution on the oxidation states of Ru and Ti, XANES

measurements at the Ru-LIII and Ti-K absorption edges were performed. In Fig. 5.27a the nor-

malized Ru-LIII XANES spectra of selected samples (La2Ru0.9Ti0.1O5, La2Ru0.75Ti0.25O5, and

La2Ru0.55Ti0.45O5) and references are depicted. The intense white lines at roughly 2.84 keV

resulting from 2p → 4d excitations were modelled according to Sec. 2.3.1. For comparison,
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Figure 5.27.: a) Normalized Ru-LIII absorption spectra of RuO2, La2RuO5, and La2Ru1−yTiyO5

samples. The dashed vertical lines mark the positions of the two pseudo-Voigt fit maxima of the

La2RuO5 reference sample obtained from solid-state reaction. b) Normalized Ti-K absorbtion spec-

tra of TiO2, (Ca,Sr)TiO3 and La2Ru1−yTiyO5. The inset shows the characteristic pre-edge region for

La2Ru0.55Ti0.45O5.

La2RuO5 and RuO2 were used as Ru4+ reference materials [Rie12a, Ebb01, Arc07], which yield

edge energies in agreement with previously determined values [Ebb98, Ebb06, Goe06]. The en-

ergy positions of the two peaks are shown in comparison in the right frame of Fig. 5.28. From the

almost identical values for the samples and references an oxidation state of Ru4+ for all samples

can be deduced.

At the Ru-LIII edge the ratio of the pseudo-Voigt peak areas (pV2/pV1) decreases from 6.57

(y = 0,0.10) to 5.16 for y = 0.45. This can possibly be explained by energetically closer 4d(eg)

states (dz2 and dx2−y2 ) and, therefore, would point to a less distorted octahedral symmetry than
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Figure 5.28.: Left: Ti valence determined from the maxima of the first derivatives of the Ti-K XANES

spectra. Right: Ru valence determined from the fit of the first derivative of the Ru-LIII XANES, the

symbols represent the pseudo-Voigt maxima. Horizontal solid lines indicate the average Ti4+ and

Ru4+ energies determined from the reference compounds. Dashed horizontal lines mark the estimated

error window.

described for e.g. La2−xSrxCu1−yRuyO4−δ [Ebb01]. The crystal structures obtained from XRD

and ND are in agreement with this explanation. Furthermore, the energy difference between the

two pseudo-Voigt peaks is almost identical for all samples and in good agreement with the value

of 2.6(1) eV typically found for tetravalent Ru in oxide materials [Ebb01].

The normalized spectra of the Ti-K edge measurements are depicted in Fig. 5.27b. Reference

samples were TiO2 and the perovskite compounds (Ca, Sr, Eu)TiO3, in which titanium is tetrava-

lent. The spectra of all La2Ru1−yTiyO5 samples are almost identical, which reflects a constant Ti

valence and oxygen coordination in the TiO6 octahedra. In addition, the BVS calculations revealed

almost constant Ti–O distances for all substitution levels y, which is also in agreement with this

finding. The first maximum of the derivatives of the spectra was taken as a measure for the edge

energy. In the left frame of Fig. 5.28 the obtained energies of the tetravalent references and the

samples are depicted. All La2Ru1−yTiyO5 samples contain Ti ions with oxidation state +4 within

the error bars, as expected.

The inset of Fig. 5.27b shows the pre-edge region of the Ti-K edge of La2Ru0.55Ti0.45O5. Four

separate peaks (p1 - p4) can be distinguished, which belong to the quadru- and dipolar transitions

from the 1s to the higher 3d and 4p states [Yam05]. In addition, the spectra are very similar to the

Ti pre-edge region found for BaTiO3, which is known for the off-center located Ti in the octahe-

dra at room temperature [Yam05]. This observation is in agreement with the deviating Ru/Ti–O

distances within the octahedra derived from the Rietveld refinements. The pre-edge feature shapes

were almost identical for all titanium contents indicating that the metal-oxygen coordination re-
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Figure 5.29.: Magnetic susceptibilities of La2Ru1−yTiyO5 samples with steps of y = 0.05 increasing

from bottom to top (indicated by vertical arrow). The χ curves are shifted by a constant value for

clarity. The dashed line indicates the change of Td with increasing substitution level.

mains basically identical for all La2Ru1−yTiyO5 samples. However, first dielectric spectroscopy

measurements do not provide an ordered polar ground state comparable to the ferroelectric transi-

tion in BaTiO3 (see Sec. 4.4).

5.2.1.3. Magnetic Properties

As described above, pure and rare-earth substituted La2RuO5 exhibit a paramagnetic behavior

above the dimerization transition. In the lt-modification the magnetic susceptibility χ drastically

decreases reflecting the (quasi) non-magnetic spin-singlet ground state. Due to their 3d0 electronic

configuration, the Ti4+ ions have no paramagnetic moment. A substitution of Ru4+ ions (S = 1) by

Ti (S = 0) is expected to strongly influence the magnetic properties of La2Ru1−yTiyO5 according

to the increased dilution of the Ru–Ru magnetic exchange.

In Fig. 5.29 the magnetic susceptibilities of La2Ru1−yTiyO5 samples with steps of y = 0.05 are

depicted. For clarity the curves are shifted in χ by a constant value. The increase of χ at very
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Figure 5.30.: a) Effective magnetic moments neff and b) Curie-Weiss temperatures ΘCW of

La2Ru1−yTiyO5 determined from the high-temperature range fit of 1/χ . The solid line in a) marks

the theoretical values for neff and the dashed red line in b) represents the assumed evolution for ΘCW .

For details see text. c) Transition temperatures of La2Ru1−yTiyO5 obtained from magnetic susceptibil-

ity data. The solid red line is a linear fit between y = 0 and y = 0.25 (and continued to y = 0.425). The

shaded red area marks the region of the spin-dimerized phase for y ≤ 0.25 and a short-range dimerized

phase for y ≥ 0.3 (cross shaded). Orange circles represent the peak-maxima temperatures obtained

from specific-heat data analysis described in Sec. 5.2.1.4.

low temperatures (i.e. below 50 K) is caused by remaining unpaired (e.g. by substitution, grain

boundaries, vacancies or twin boundaries) Ru4+ spin moments with a paramagnetic behavior. The

susceptibility in this range was fit with an additional Curie-Weiss function. The obtained Curie

constants amount to approximately 1 % for pure La2RuO5 (Sec. 4.2.2) and slightly increase to a

few percent with increasing Ti substitution level. Using the same Ru moments to describe C in the

function for χ in both temperature ranges, the relation between the two Curie constants directly
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describes the fraction of unpaired spins.

Obviously, the magnetic transition temperatures are strongly shifted (as indicated by the dashed

line) and the reduction of χ below the transition temperature becomes less pronounced with in-

creasing substitution level. For y > 0.3 the step in χ becomes increasingly smeared out and for

y ≥ 0.45 the step has completely vanished, indicating that the Ti substitution locally inhibits the

Ru–Ru dimerization. This is the first hint that a long-range dimerized ground state cannot be estab-

lished for y ≥ 0.3 and becomes completely supressed for y > 0.4. This simply is a consequence of

the statistical dilution of Ru dimers in the zig-zag chains of the LaRuO4-layers and the decreasing

magnitude of the structural transition with increasing y.

By fitting 1/χ above 200 K with a modified Curie-Weiss law (Eq. 2.32) the effective magnetic

moment neff and the Curie-Weiss temperature ΘCW in this paramagnetic range were calculated.

The obtained values for neff are depicted in Fig. 5.30a in units of the Bohr-magneton μB. A de-

crease of the magnetic moment with increasing Ti substitution level is observed, in agreement

with the dilution effect caused by non-magnetic Ti4+ ions. The theoretical effective magnetic mo-

ments of the La2Ru1−yTiyO5 samples were calculated using the spin-only value for Ru4+ and the

Ru-substitution (1−y) according to the equation neff =
√

(1− y) ·neff(Ru4+). The corresponding

result is drawn as solid red line in Fig. 5.30a. A good agreement of the calculation and the fit

values is observed, therefore, the model of non-magnetic Ti ions diluting the paramagnetic Ru4+

centers provides an appropriate description for the ht-phase of La2Ru1−yTiyO5.

The Curie-Weiss temperatures ΘCW obtained from the fits are depicted in Fig. 5.30b. Starting

from approximately -160 K for La2RuO5, ΘCW increases to roughly -105 K for La2Ru0.55Ti0.45O5

reflecting a successive reduction of the antiferromagnetic exchange in the paramagnetic phase.

This effect again is caused by the dilution with the non-magnetic Ti4+ ions and is assumed to lead

to a smooth change as indicated by the dashed red line, which is just a guide to the eye. How-

ever, an unexpected minimum is observed at roughly y = 0.2 at which ΘCW reaches approximately

−185 K. At the same substitution level the step in the magnetic susceptibility changes from a

sharp to a smoother and broader shape (Fig. 5.29) and neff shows a local minimum (Fig. 5.30a).

The occurring minima can be explained by two antagonistic effects, namely the increasing an-

tiferromagnetic exchange interaction due to the decreasing interatomic distances in the crystal

structure and, on the other hand, the dilution caused by the diamagnetic Ti4+. For small substi-

tution levels the first effect apparently dominates. However, above y = 0.2 the effect of dilution

becomes stronger than the increase of (nearest-neighbor) antiferromagnetic exchange and, hence,

a rapid increase of ΘCW is observed (Fig. 5.30b). More interestingly, this behavior correlates to

the starting significant increase of cell parameter a for y > 0.2 (Fig. 5.26a), which can be ascribed

to changes in the crystal structure caused by the Ti substitution. This once more reemphasizes the

close relationship between crystal structure and physical properties.

The dimerization temperature Td corresponding to the transition from the ht- to the lt-phase was

obtained from the inverse susceptibility according to the procedure described in Sec. 5.1.2.3. In

Fig. 5.30c Td is depicted as blue diamonds as a function of the Ti concentration. The transition

temperatures reveal a linear decrease, which can be fit by Td = 166 · (1− y) K (solid red line in

Fig. 5.30c). Above a substitution level of 0.25 the transition-temperature determination becomes

135



5. Influence of Substitution on La2RuO5

increasingly uncertain due to the decreasing step height in 1/χ . For this reason the values for

y = 0.3 and 0.35 were omitted in the fit. The corresponding area of the spin-dimerized phase

below Td is shaded red for y < 0.3 to separate the paramagnetic and the dimerized phase in the

diagram. Furthermore, a cross-shaded area representing short-range ordered clusters of Ru–Ru

dimers is shown for 0.3 ≤ y ≤ 0.425. The reasons for defining this additional region are described

below. Td decreases linearly and, thus, would become zero for a complete substitution of Ru by Ti

and the subsequent structural changes according to Vegard’s law [Veg21]. Due to the dilution the

cooperative structural distortion is weakened and, hence, the intradimer exchange decreases.

Taking into account the observed linear Td decrease and the vanishing of the transition step for

y = 0.45, the absence of the structural transition also needs to be discussed in this context. The

Rietveld analysis of the diffraction pattern recorded at 100 K leads to similar cell-parameter values

and almost equal fit quality regardless of the starting model (i.e. when the monoclinic ht- or the

triclinic lt-structure is used). Most prominently, the ratio of γ is changing from ≈ 0.982 for y = 0

to roughly unity for y = 0.45 as shown in Fig. 5.26d. Even in the high-resolution synchrotron data

no structural changes were detectable down to 50 K. Thus, the sample La2Ru0.55Ti0.45O5 does

not undergo the structural phase transition in accordance with the magnetic susceptibility data

(Fig. 5.30c). This finding indicates that the spin-Peierls transition is actually driven by structural

changes at Td in the La2RuO5 compounds. Without additional energetical stabilization of the

Ru orbitals by the structural modifications the resulting increased Ru–O–Ru superexchange and,

hence, the spin-dimerization cannot be observed.

5.2.1.4. Specific Heat

In Fig. 5.31 the specific heat in Cp/T vs. T representation is depicted for five selected titanium

substitutions. To increase the comparability the curves are shifted by 0.125 J mol−1 K−2. All

samples show similar phononic contributions, but significant differences at the phase transition.

The shape of the peak changes with increasing substitution level. A broadening from La2RuO5 to

La2Ru0.75Ti0.25O5 is observed, however, the peak is less asymmetrically broadened as found for

the rare-earth substituted samples (Sec. 5.1.3). The observed broadening may be caused by local

inhomogeneities of the Ti substitution, minor impurities (La3RuO7), and the different crystallinity

of the samples due to different calcination durations. With increasing Ti substitution level the

peak successively diminishes and cannot be clearly detected for y ≥ 0.35. At lower substitution

levels the transition temperature obtained from the onset point of the high-temperature side of the

peak complies well with the temperature derived from the magnetic susceptibility measurements

described above as can be seen from Fig. 5.30c.

The lattice contributions for samples up to y = 0.25 were fit using the Einstein-Debye phonon

model introduced in Sec. 4.2.3. In Tab. 5.8 the obtained values for the Debye- and Einstein-

temperatures are summarized. These temperatures are very similar for all investigated compounds

and they agree well with values obtained for the rare-earth substituted compounds (Sec. 5.1.3).

To improve the fit quality a small constant offset value of approximately 2.3(2) mJ mol−1K−2

is added. This small contribution to the specific heat, which is linear in T , would be due to free
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Figure 5.31.: a) Temperature dependence of the specific heat in representation Cp/T vs. T for

La2RuO5 and selected La2Ru1−yTiyO5 samples (symbols). For clarity the curves were shifted by

0.125 J mol−1 K−2. The solid lines mark the Einstein-Debye fit results. b) Excess specific heat ΔCp/T
after subtraction of the La2Ru0.55Ti0.45O5 heat-capacity curve. The vertical dash dotted lines mark the

Td values shown in Fig. 5.30c.

charge carriers, but in the doped samples rather stem from local disorder resulting in a linear glass-

like contribution. The calculated parameters are in agreement with previously reported specific-

heat data of La2RuO5 and, thus, indicate a semiconducting behavior for all Ti-substitution levels

[Mal05, Rie12b].

To obtain the magnetic entropy Smag the Einstein-Debye fit curves were subtracted from the

experimental data. The remaining residual peak was integrated between approximately 50 K and

250 K according to Smag =
∫

Cp/T dT . To simplify the interpretation of the values for Smag, they
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Table 5.8.: Results of the heat-capacity fit for La2Ru1−yTiyO5 (see text for details). The excess entropy

contribution S∗mag was calculated from the integrated residual peak after the subtraction of the lattice

contribution and normalized to the Ru content.

Sample ΘD (K) ΘE1 (K) ΘE2 (K) ΘE3 (K) ΘE4 (K) S∗mag ( J
mol K

)

La2RuO5 132 175 217 325 520 4.2(3)

La2Ru0.9Ti0.1O5 131 182 231 351 552 4.0(3)

La2Ru0.75Ti0.25O5 134 176 219 328 542 4.4(3)

are normalized with respect to the substitution level (i.e. divided by 1− y) and listed as S∗mag in

Tab. 5.8. The entropy of pure La2RuO5 is expected to be ΔS = Rln(3)−0.5 ·Sdimer according to

Sec. 4.2.3. Due to the increasing Ti incorporation the number of dimers decreases, because each

single Ti impedes the formation of one spin dimer. The prefactor 0.5 should therefore decrease due

to the lower number of remaining dimers. However, it is assumed constant, because this number

is considered by a certain degree applying the normalization. According to the description of Smag

depending on J0/kBTd as introduced in Sec. 4.2.3, where J0 represents the exchange interaction

strength within the dimers. Since the normalized entropy values of the three samples are very

similar, the intradimer exchange decreases with higher Ti incorporation according to the lower

transition temperatures Td .

In an alternative, more straightforward analysis the measured heat capacity of La2Ru0.55Ti0.45O5

was subtracted from the experimental data of the other samples. The residual curves are depicted in

Fig. 5.31b. While for the samples with low Ti substitution the transition peak is clearly observable,

for La2Ru0.65Ti0.35O5 the peak is severely smeared out and almost not detectable. This might be

explained by the absence of a true structural phase transition. On the other hand, the magnetic

measurements reveal a reduction of the susceptibility even at this substitution level. This finding

can be explained assuming that for y≥ 0.3 only short-range dimerization occurs with local clusters

of Ru-Ru dimers, which do not lead to a sharp peak in Cp. The transition temperatures determined

by the peak maxima (shown as orange circles in Fig. 5.30c) agree fairly well with the above

described transition temperatures of the dimerization transition.

The results of the x-ray diffraction investigations, the magnetic as well as the Cp measure-

ments clearly prove the close correlation between structural and physical features in Ti-substituted

La2RuO5. With increasing titanium content the structural changes occuring at the phase transition

become gradually smaller and for y = 0.45 they cannot be detected at all (Fig. 5.26d). Simulta-

neously, the step-like decrease in the magnetic susceptibility diminishes and also the peak in Cp

is suppressed. Already for y = 0.3 it is difficult to identify a sharp step at all. The variation of

χ and Cp can be understood by a dilution of the interacting Ru moments by the non-magnetic Ti

ions. This dilution reduces the number of remaining Ru spin dimers by the statistical distribution

of Ru and Ti on the same crystallographic sites. Therefore, the reduced interaction only allows the

formation of local dimers for y > 0.25. Also, it has to be noted that the formation of spin-singlets
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is closely linked to the crystallographic phase transition, which results in alternating short and

long Ru–Ru distances within the RuO4-zig zag chains. At the critical level of y ≈ 0.3 the Ru–Ru

interaction becomes therefore too small and/or the strain due the incorporated Ti ions becomes

too large to allow the crystallographic transformation and, hence, the formation of spin dimers is

reduced stronger than derived from only the Ru/Ti distribution and becomes fully suppressed for

y = 0.45.

5.2.1.5. DFT Calculation

Calculations of the electronic band structures of Ti-substituted La2RuO5 were performed as de-

scribed in Sec. 4.5 using the crystal stuctures obtained by x-ray powder diffraction as input data.

Due to the reduction of the symmetry to space group P1 (No. 1) the replacement of one or two Ru

ions by Ti was possible and allowed to study the changes in the density of states (DOS) and the

electronic band structure. The replacement of one or two Ru ions by Ti per unit cell corresponds

to the compositions La2Ru0.75Ti0.25O5 and La2Ru0.5Ti0.5O5, respectively. The crystal structure

of the latter one was calculated by a linear extrapolation of the cell parameters and by using the

atomic coordinates of the sample with the highest available substitution level y = 0.45. Several

configurations of Ru and Ti on the four sites in the crystal structure were modelled and in addition

the signs of the initial magnetic moments were changed for different spin-polarized calculations

to investigate their possible influences on antiferromagnetic and ferromagnetic nearest-neighbor

exchange interactions.

In Fig. 5.32 the obtained DOS for the ht-modifications of La2RuO5 (c), La2Ru0.75Ti0.25O5 (b),

and La2Ru0.5Ti0.5O5 (a) are shown. In the modelling of the ht-phase the LDA was used, because

of the absence of magnetic ordering. The overall DOS and the partial DOS (pDOS) of Ru (red)

and Ti (green) are shown in the range between -8 eV and 3.5 eV with respect to the Fermi level

(EF).

The DOS related to the LaO-layers is barely influenced by the Ti substitution, which is in agree-

ment with the absence of Ti in this layers and the comparably small changes of the interatomic

distances and coordinations. The charge of the corresponding oxygen is found to be higher than −2

for the three compounds in agreement with the BVS calculations described above in Sec. 5.2.1.1.

The charges of the other ions are roughly in agreement with their respective values from the BVS

calculation, as well.

With increasing Ti substitution changes are observed especially in the range above the Fermi-

energy by the appearance of unoccupied Ti 3d levels between 1 eV and 2 eV. In addition, the

Ru contributions at EF and below -4 eV are considerably reduced according to the decreasing Ru

amount in the compounds. The energy range of the Ru 4d oribitals near EF is significantly reduced

from 1.5 eV for La2RuO5 to 0.8 eV for y = 0.5 reflecting the increasing localization of the Ru spin

moments. This effect is in contrast to the broadening of the Ru bands observed for rare-earth

substitutions, where the broadening was explaining the lowering of Td due to the delocalization of

the Ru spin moments [Wha81]. In the present La2Ru1−yTiyO5 samples the strongly reduced value

of Td merely reflects the decreasing number of Ru–Ru spin-singlets. Furthermore, it can be seen
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Figure 5.32.: Comparison of the density of states of a) La2Ru0.5Ti0.5O5, b) La2Ru0.75Ti0.25O5, and c)

La2RuO5 using LDA.

that the distance between the centers of the Ru eg and t2g bands amounts to approximately 2.5 eV

identical for all three Ti substitution levels. This finding is in good agreement with the Ru-LIII

XANES fit results, where also aconstant energy difference of 2.6 eV between the pseudo-Voigt

peaks at the absorption edge is determined, which can be ascribed to excitations into the 4d eg and

t2g states.

In space group P1 there are four possible Ru-sites per unit cell, on which the Ti atoms can be

placed for the modelling. A comparison of the four possibilities of replacing one Ru atom by Ti

in La2Ru0.75Ti0.25O5 was executed. All LDA calculations of the ht-phase lead to almost identical

results in total energy and DOS, which shows that the Ti ion can statistically occupy any of the

Ru-sites. Since all possible arrangements lead to identical energy values, no long range cationic
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Figure 5.33.: Comparison of the density of states for the ht- and lt-phase of La2Ru0.75Ti0.25O5 using

a) LDA and b) LSDA, for more details see text.

ordering and in turn no crystallographic superstructure is expected, which is in agreement with the

XRD results. Similar investigations were performed for the ht-phase of La2Ru0.5Ti0.5O5, however,

in this case a slightly preferred Ti distribution was found. The most stable result with lowest total

energy (by less than 0.1 eV) was a checkerboard-like distribution of Ru and Ti ions, i.e. all Ru

ions are surrounded by Ti and vice versa, which, however, is not found by XRD but possibly might

reflect an ordering on local scale. The DOS of this arrangement is shown in Fig. 5.32a.

In addition, a number of different types of calculations using LDA and LSDA were carried out

for the modelling of the lt-modification of La2Ru0.75Ti0.25O5. In Fig. 5.33 the results of the calcu-

lation using LDA (top frame) and LSDA (bottom frame) are depicted. The LDA results of the ht-

and lt-phase are similar and the small deviations are simply caused by the slightly different crys-

tal structures (Fig. 5.26d) as already observed for unsubstituted La2RuO5 [Eye06, Wu06, Rie11].
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The similarity to the dimerized lt-phase of pure La2RuO5 was checked for La2Ru0.75Ti0.25O5 by

spin-polarized calculations, which showed a preference of roughly 0.3 eV in total energy when

an antiferromagnetic setting was used. The local spin moments of Ru amount to S↑ ≈ 1.3 and

S↓ ≈ 1.2 with an obtained total magnetic moment of ±2μB per f.u. with respect to the initial ran-

dom orientation of the Ru spin moments. The resulting DOS according to −2μB per f.u. is shown

in the bottom frame of Fig. 5.33. The obvious changes are mainly concerning the partial DOS

(pDOS) of Ru and (in a lower amount) the one of Ti. The observed shift between the spin-up and

spin-down channels reflects a remaining ferromagnetic moment from the uncompensated Ru-spin

moment per f.u. as a result of the next-nearest neighbor interactions. The bands corresponding to

Ru and Ti are showing a stronger mixing in the LSDA model, which reflects the increased inter-

actions in the lt-modification. In general it was found that antiparallel oriented Ru moments are

favored for La2Ru0.75Ti0.25O5 as was already found for the lt-phase of unsubstituted La2RuO5.

The only difference between these two compounds is the incorporation of non-magnetic Ti ions

within the antiferromagnetically arranged net of Ru spins. The increase of the local spin moments

could result from the stronger overlapping of Ru 4d, Ti 3d and O 2p orbitals due to the structural

changes. The result of the preserved antiparallel alignment in the lt-phase is in excellent agreement

with the above described results obtained from the magnetic and specific-heat measurements.

For La2Ru0.5Ti0.5O5 identical crystal structures were applied for the ht- and lt-modification

according to the XRD results discussed above. Different spin-polarized scenarios were tested. It

was found that the total energies are only slightly favored to the LDA results and all different sets

of the Ru/Ti distribution representing the magnetic nearest-neighbor interactions lead to similar

results. Using the above mentioned preferred checkerboard Ru/Ti distribution, the resulting Ru

spin moments amount to S ≈ 1.4 and a total magnetization of +4μB per f.u. was obtained caused

by ferromagnetic next-nearest neighbor interactions. Thus, for y = 0.5 (respectively 0.45) the

ferromagnetic next-nearest-neighbor interactions seem to dominate the antiferromagnetic nearest-

neighbor interactions when the checkerboard arrangement is present. A detailed study of the

lt-phase may be performed by the introduction of e.g. an on-site repulsion term or by using a

larger supercell with a less regular modulation of the Ru and Ti distribution.

The DFT calculations strongly support the above described findings for the dimerized state

of lt-La2Ru0.75Ti0.25O5 and the absence of the spin-singlets for La2Ru0.5Ti0.5O5. Furthermore

the character of the magnetic exchange interactions between nearest neighbors and next-nearest

neighbors can be estimated and used to interprete the experimental results for χ and Cp.
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5.2.2. Ti and Pr Co-Substitution

As described in the previous chapter, the rare-earth substitution was found to have only a small

influence on the spin-Peierls transition. The Ln3+ ions remain as isolated paramagnetic centers

and their interaction with the magnetic Ru sublattice is very weak. In contrast, the Ti substitu-

tion effectively disturbs the magnetic Ru–Ru dimerization. With increasing substitution level the

transition temperature decreases and the drop in the magnetic susceptibility becomes smaller until

the spin-dimerization completely vanishes for y = 0.45 in combination with the suppression of the

structural transition.

Based on these findings the question arose whether the simultaneous substitution on both the

La- and Ru-sites might result in unexpected new effects. For example, due to magnetic fluctua-

tions caused by the Ti substitution and the remaining unpaired Ru spin moments, new interactions

with the magnetic moments of the Pr ions seem possible. Reasoned by this samples with a partial

replacement of La by Pr and an additional subsititution of Ru by Ti were synthesized and their

magnetic susceptibilities were measured to study the possibly different magnetic behavior. The

crystal structures of the La2−xPrxRu1−yTiyO5 samples were investigated by x-ray powder diffrac-

tion in order to reveal possible correlations between the two different types of substitution (for

more details see Ref. [Rie13b]).

The polycrystalline samples were synthesized similar to the La2Ru1−yTiyO5 compounds (see

Sec. 2.1.3). Pr(NO3)3-hydrate was added in corresponding stoichiometric amounts to the precursor

solutions to obtain La2−xPrxRu1−yTiyO5. The same heat treatment as for the solely Ti-substituted

samples was applied.

5.2.2.1. Crystal Structure

According to the x-ray diffraction data, single-phase polycrystalline samples were obtained for

0 ≤ x ≤ 0.75 and 0 ≤ y ≤ 0.4. Only trace impurities of LaRuO3 or La3RuO7 (with contents

well below 1% according to Rietveld refinement) were detected for the highest substitution levels.

Both substitutions with Pr and Ti cause structural stress due to the slightly smaller ionic radii of

the inserted ions compared to La and Ru. However, the crystal structure changes differently for

each kind of the substitutions. Since the location of the Pr ions is expected to be mainly in the

LaO-layers and Ti can only be incorporated in the LaRuO4-layers, a simultaneous substitution is

expected to reach a limit at certain maximal levels xmax and ymax before the structural stress is

impeding further substitution.

In Fig. 5.34 the measured pattern of La1.5Pr0.5Ru0.8Ti0.2O5 is depicted as a representative exam-

ple along with the result of the Rietveld refinement. An excellent concordance of the refinement

is obtained for all samples applying the ht-phase crystal structure of La2RuO5 with monoclinic

P21/c symmetry as starting model. Details of the refinements are found in the supplement of

Ref. [Rie13b].

The evolution of the cell parameters for La2−xPrxRu1−yTiyO5 is depicted in Fig. 5.35. The

obtained values for the parameters a, b, c, and the values for the monoclinic angle β are shown

in the panels a), b), c), and d), respectively. To illustrate the dependence on the two different
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Figure 5.34.: Rietveld refinement of the x-ray diffraction pattern for La1.5Pr0.5Ru0.8Ti0.2O5, measured

with Cu-Kα1,2 radiation at room temperature. In the inset a magnification of the range 80◦ ≤ 2θ ≤
150◦ is shown to illustrate the fit quality even for low intensities and overlapping reflexes at higher

diffraction angles.

substitution levels x and y, quasi three-dimensional plots are shown with a color-coding depending

on the cell-parameter value. Black arrows indicate increasing substitution levels.

For the a-axis (Fig. 5.35a), the doping effect of the smaller Pr ion compared to La is observed

for all samples causing a linear decrease of a with increasing x. In contrast, the a-axis length is

barely affected by the value of y, i.e. the titanium-substitution level. The weak dependence on the

Ti concentration can be seen in the projection of the data points onto the x-z-plane in the graph,

where basically a linear decrease with increasing x can be observed. The smallest values for a are

found for x = 0.75 and establish a limit of ≈ 9.12 Å, which is comparable to values obtained for

pure rare-earth substitutions.

The b-axis (Fig. 5.35b) is decreasing linearly with both increasing Pr- and Ti-substitution level.

The effect of Ti substitution is more pronounced than for Pr substitution. The interplay between

both substitutions generates an almost planar relation (Fig. 5.35b). The limit of structural stress

is dominated by the Ti substitution, which impedes the synthesis of samples with both high Pr

and Ti-substitution levels. The smallest b-axis value was obtained for La1.75Pr0.25Ru0.6Ti0.4O5

and corresponds to the limit ≈ 5.787 Å. This value is roughly 0.02 Å below the shortest obtained

length for Sm substituted La1.5Sm0.5RuO5 (see Sec. 5.1.1.1).

For the c-axis evolution (Fig. 5.35c) opposing effects for the two kinds of substitutions are ob-

served. While with increasing Pr concentration the axis length is reduced, Ti substitution increases
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Figure 5.35.: Cell parameters for La2−xPrxRu1−yTiyO5 derived from Rietveld analysis of powder XRD

data measured at room temperature. The color-coded symbols represent the values of a) length of the

a-axis, b) length of the b-axis, c) length of the c-axis, and d) monoclinic angle β . Error-bars are smaller

than the size of the symbols.

the c-axis values. Since the two effects almost compensate each other, very similar values for c
are obtained when x = y. The c-axis values are limited between the Pr and Ti borders of ≈ 7.93 Å

and ≈ 7.98 Å.

The monoclinic angle β (Fig. 5.35d) decreases for increasing Pr substitution, but, in contrast,

increases for increasing Ti contents. The upper limit is given by the value obtained for the sample

with highest Ti-substitution level La2Ru0.55Ti0.45O5 and amounts to ≈ 101.18◦.

The maximal and minimal values of the cell parameters define a stability regime, in which

the La2RuO5 structure can be synthesized. However, additional effects have to be taken into

account. The rare-earth substitution provides more pronounced decreases of the unit-cell axes

for the smaller lanthanide ions. In contrast, the monoclinic angle shows an opposite behavior, it

decreases for Pr and Nd, remains almost constant for Sm and even increases for Gd and Dy. The

limiting cell parameter for the maximum substitution is the b-axis length, because both the Pr and

the Ti substitution induce a decrease. For the Ru–O distances and Ru–O–Ru bond angles only

small changes in the range of 0.05 Å and below 2◦ compared to the values of Pr or Ti substituted

La2RuO5 are observed. These deviations are barely significant since the accuracy of the XRD
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Rietveld refinements is assumed to be in a similar range as these changes, which are therefore not

discussed in detail.

In summary, the effects of substitutions of La by Pr and Ru by Ti show an additive behavior

resulting in planar relationships of the cell parameters. On the one hand, the Pr substitution mainly

affects the LaO-layers, where roughly two thirds of the Pr is incorporated, while the lower fraction

of Pr is occupying the La-sites in the LaRuO4-layers. This is leading to the observed strong

reduction of the a-axis compared to the moderate decrease of the b- and c-axis. On the other

hand, the Ti substitution does not significantly influence the a-axis due to the incorporation of the

inserted Ti ions in the LaRuO4-layers.

It should be mentioned that the relative changes of the cell parameters are within 1.5% compared

to La2RuO5. This is a surprisingly small value and shows that the stability range of the La2RuO5

structure type is rather limited. But even these minor differences of the cell parameters are causing

distinct changes of the physical properties of the substituted compounds, as shown for the magnetic

properties in the following section.

5.2.2.2. Magnetic Properties

The effect of the simultaneous substitution on the magnetic phase transition was investigated by

measurements of the magnetic susceptibility. For pure La2RuO5 a magneto-structural transition

caused by the Ru4+ (S = 1) spin pairing at 161 K was observed, which leads to the formation of

non-magnetic singlets driven by the structural changes at Td . This transition is preserved in the

rare-earth substituted samples, but is progressively suppressed by increasing Ti substitution. For

y > 0.25 the observed magnetic properties and the absence of a peak in the specific heat were

ascribed to the appearance of only short-range ordered clusters of dimers in the low-temperature

phase.

In Fig. 5.36a the magnetic susceptibilities for a constant Pr concentration (x = 0.25) are de-

picted. The χ data were shifted by a constant value for better comparability. The strong increase

at very low temperatures can be ascribed to both the paramagnetic Pr3+ ions and emerging un-

paired Ru4+ spin moments in the range of a few percent depending on y similar to Sec. 5.2.1.3.

In the paramagnetic range above Td the curves for La1.75Pr0.25Ru1−yTiyO5 indicate a slightly re-

duction of the paramagnetic moment and changes of the Curie-Weiss temperature with increasing

Ti-substitution level. A diminishing of the transition step is observed in agreement with the find-

ings for La2Ru1−yTiyO5. The transition step becomes broader with increasing y and its height

declines progressively until it vanishes for y = 0.40. This value is slightly lower than obtained for

La2Ru1−yTiyO5, i.e. samples without Pr substitution. Due to the Pr incorporation the borders of

the phase diagram (y,T ) introduced above are shifted to lower y-values.

The suppression of the susceptibility step as a consequence of the Ti doping is also visible in the

inverse susceptibility, which is depicted in Fig. 5.36b. The 1/χ data for the two Ti substitutions

y = 0.05 and y = 0.20 are shown for different Pr-substitution levels x. In the paramagnetic range

above 200 K a linear behavior in agreement with a Curie-Weiss law is observed. The increasing

Pr contribution to the total magnetic moment is reflected by the decreasing slope of the linear
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Figure 5.36.: a) Temperature depending magnetic susceptibility χ = M/H of La1.75Pr0.25Ru1−yTiyO5

applying an external field of H = 1000 Oe. The curves are shifted by a constant value for bet-

ter comparability. The arrow marks the shift of the transition temperature Td upon Ti substitu-

tion. b) Thermal behavior of the inverse magnetic susceptibilities 1/χ of La2−xPrxRu0.95Ti0.05O5

and La2−xPrxRu0.8Ti0.2O5 at H = 1000 Oe.

regions. Furthermore, the higher Ti-substitution level generates a stronger splitting of the curves

for the ht-phase. In turn, the decreasing upturn caused by the dimerization transition is correlating

with the behavior observed for the solely Ti-substituted samples reflecting the suppression of the

singlet formation.

The high-temperature regions above 200 K of the inverse susceptibilies were fit using a mod-

ified Curie-Weiss function (Eq. 2.32). The value of χ0 was found to decrease from roughly

10−4 emu/mol to 10−5 emu/mol with increasing substitution levels x and y, which indicates either
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Figure 5.37.: a) Effective magnetic moments in Bohr magnetons derived from Curie-Weiss fits of 1/χ
in the temperature range 200 - 400 K. The lines represent the sum of the moments according to Eq. 5.3

using the spin-only value for Ru4+ and the free-ion approximation value for Pr3+. b) Curie-Weiss

temperatures obtained from the fit of 1/χ in the temperature range 200 - 400 K. The solid and dashed

lines represent ΘCW values calculated with Eq. 5.2.

rising diamagnetic and/or decreasing van-Vleck contributions. The effective magnetic moments

neff are shown in Fig. 5.37a in units of μB. The solid and dashed lines represent the calculated

neff,total according to

neff,total =
√

(1− y) ·neff(Ru)2 + x ·n2
eff(Pr) , (5.3)

where x and y are the corresponding Pr- and Ti-substitution levels. This equation implies com-

pletely independent contributions of the two types of paramagnetic ions. The good agreement of

the magnetic moments obtained from the Curie-Weiss fit with the calculated values is evident from
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Fig. 5.37a. The deviations are within the range of the error bars proving that the assumed additive

behavior of the contribution of Ru4+ and Pr3+ to the total magnetic moment is correct.

The Curie-Weiss temperatures ΘCW , which are depicted in Fig. 5.37b, were used to investigate

in more detail the magnetic character of the paramagnetic ht-phase. The negative sign of ΘCW

indicates the occurrence of antiferromagnetic interactions, as e.g. ΘCW ≈ −162 K for the above

mentioned La2RuO5 sample. The absolute value is mirroring the interaction strength, which was

found to decrease with increasing substitution level x, i.e. with a higher content of paramagnetic

rare-earth metal ions. On the other hand, the Ti substitution leads to a change of the interac-

tion strength due to structural deformations and the dilution of the interacting Ru-spin moments

by the diamagnetic Ti4+. In detail, the Ru–O bond lengths get reduced with increasing Ti con-

centration and, in turn, the exchange interactions between the Ru-centers become stronger. This

effect is increasing the absolute value of ΘCW in the range 0.1 < y < 0.25 reaching a minimum

of approximately −185 K at y = 0.25. Upon higher Ti doping levels a decrease of the absolute

value is found. Starting at y = 0.25 the increasing dilution of the Ru-centers begins to dominate

the magnetic exchange and, hence, explains the strong decrease of |ΘCW |. For the co-substituted

samples the obtained ΘCW values are shown in Fig. 5.37b. They reveal a decreasing absolute value

for increasing x and constant y. Furthermore, for constant x the Curie-Weiss temperatures behave

according to the solely Ti substitution, i.e. for y = 0.2 a minimum is always observed in the graph.

This behavior of ΘCW indicates the above proposed change from a long-range dimerized lt-phase

with singlet ground state to a phase with only short-range ordering of dimers in clusters.

The curves in Fig. 5.37b represent fits of ΘCW for two antiferromagnetically interacting sublat-

tices A (Ru4+) and B (Pr3+) according to Eq. 5.2. The values of the λ parameters were obtained

from least-squares fits of the Curie-Weiss temperatures for constant Ti substitution level. The re-

sults are the solid and dashed curves shown in Fig. 5.37b. Since only a limited number of data

points were available for the fit, the absolute values are just taken as a measure of the involved

interactions. For y = 0.40 only two data points were available. Therefore, the parameters λAB and

λBB were taken from the y = 0.05 fit and only λAA was refined. The fit for y = 0 is in good agree-

ment with the result shown in Sec. 5.1.2 but not identical, since in compliance with the substituted

samples the Curie-Weiss temperature for pure La2RuO5 synthesized with Ru-NOAc was used (see

Tab. 4.2).

Good agreements of measured ΘCW values and the fit curves were found. The sign of all in-

teraction strengths W was negative, which is characteristic for antiferromagnetic interactions both

within the sublattices and between them, in agreement with the results given in Sec. 5.1.2 and also

in accordance with the negative Curie-Weiss temperatures. The absolute values of the interaction

strength behave according to WAA > WBB >> WAB. Thus, the interactions within the sublattices

are much stronger by roughly two orders of magnitude than between them. It is therefore justified

to describe the overall magnetic behavior by two almost independent sublattices. The values of

W show a local maximum for the Ti substitution level y = 0.2 and a strong decrease for y = 0.40.

This reflects the above mentioned behavior for the pure Ti substitution, where a maximum of ΘCW

is found close to y = 0.25. In general, the (antiferro-)magnetic interactions are diminishing in

accordance with the decreasing absolute values of ΘCW . Simultaneous doping of Pr ions into the
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Figure 5.38.: Dimerization temperatures Td obtained from the magnetic susceptibility data of

La2−xPrxRu1−yTiyO5.

LaRuO4-layers does therefore not change the impact of the Ti substitution on the system.

From the inverse susceptibilities, the dimerization temperatures were obtained using the on-

sets of the transition anomalies (Fig. 5.38). Since no transition was observed for the sample

La1.75Pr0.25Ru0.60Ti0.40O5, Td is only shown for y ≤ 0.20. Within this range the transition tem-

perature decreases linearly in both directions with increasing substitution levels. The effect of

the Ti substitution is more pronounced than of the Pr substitution (steeper slope in y direction in

Fig. 5.38). This can be explained by different origins for the Td reduction. The Pr substitution leads

to a decrease by the increasing delocalization of the Ru electrons. This delocalization is caused by

an electronic band broadening resulting from slight changes of the crystal structure. On the other

hand, the Ti substitution directly impedes the Ru dimerization by the dilution of the magnetic Ru

centers and, therefore, provides a more pronounced influence on the phase transition. Since the

structural parameters change according to Vegard’s law, a linear decrease of Td is very reasonable.

The simultaneous replacement of La and Ru leads to the obtained change of Td depending on the

particular substitution levels x and y, because both substitutions alter the structural and magnetic

properties almost independently.

In summary, the cell parameters exhibit a completely additive behavior with respect to the

changes obtained for the pure Pr and Ti substitution. This finding can be explained by taking

into account the layered structure of La2RuO5. While Pr ions are predominantly occupying the

LaO-layers, Ti ions are located on the Ru-sites in the LaRuO4-layers. The simultaneous substitu-

tion leads to a certain degree of compensation of cell-parameter changes, which results in a large

regime of x and y. Only the b-axis is shortened by both substitutions, which limits the range of
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simultaneously high substitution levels for Pr and Ti (x ≤ 0.5 and y ≤ 0.3).

The magnetic susceptibilities can be described assuming a coexistence of two only very weakly

interacting magnetic sublattices formed by the Pr3+ and Ru4+ ions, respectively. The Curie-Weiss

temperature ΘCW exhibits largest negative values for medium Ti contents. Increasing values found

for 0≤ y≤ 0.2 are caused by increasing antiferromagnetic interactions due to the decrease of inter-

atomic distances. The decrease of |ΘCW | for y > 0.2 can be explained by the dominating dilution

of the magnetic Ru-centers by non-magnetic Ti-ions and the formation of short-range ordered

clusters of dimers as observed for the pure Ti substition. A magnetic phase transition reflecting a

Ru–Ru spin pairing in the lt-phase was observed for the samples with y ≤ 0.4 independent of the

Pr-content. While the rare-earth substitution has no direct effect on the Ru-Ru dimerization, the

Ti ions impede this process for substitution levels y ≥ 0.4. The values of Td change with respect

to the individual Pr or Ti concentration. As the Pr and the Ti substitutions do not mutually affect

each other, linear changes with both x and y were found for all investigated parameters.
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5.3. Mn Substitution: La2Ru1−yMnyO5

The substitution of Ru by Mn in perovskite-related oxides leads to a large variety of structural

modifications and concomitant changing physical properties. Especially various magnetic phases

are observed due to the diversity of possible exchange interactions of Mn and Ru spin moments in

these compounds. Furthermore, Ru and Mn can adopt various oxidation states and by this further

increase the variability of exchange interactions and magnetic arrangements.

For example, perovskitic SrRu1−xMnxO3 shows a complex magnetic phase diagram [Zha07].

This phase diagram involves a phase transition from a paramagnetic high-temperature phase to

a ferromagnetically ordered low-temperature state at low substitution levels x with itinerant Ru

4d electrons and metallic conductivity. In contrast, on the Mn rich side an antiferromagnetically

ordered and insulating phase with localized moments with a Néel temperature of approximately

200 K is observed. For intermediate x values spin-glass and cluster-glass phases are found. Cao

et al. reported a possible quantum critical point (QCP) for x ≈ 0.39, at which the ferromagnetic

ordering turns into an antiferromagnetic arrangement at zero temperature [Cao05]. In addition, a

weak external magnetic field-dependent magnetoresistance at low temperatures was reported for

the samples with intermediate substitution levels [Zha07]. The partial replacement of Sr by Ca

shifts the QCP to x = 0.2 and a substitution using trivalent La decreases in general the magnetic

phase-transition temperatures [Ohn10, Man98].

A Ru/Mn-substitution series was recently reported for CaCu3Ru4−xMnxO12 (0 ≤ x ≤ 3), which

belong to the AA′
3B4O12 family of distorted perovskites [Vas07, Cal11]. In this series the ruthenate

CaCu3Ru4O12 is a Pauli-paramagnet with itinerant charge carriers showing heavy-fermion behav-

ior. For this compound non-Fermi liquid and an intermediate-valence behavior were reported

[Kri08, Kri09, Kob04] and further discussed in more detail in Sec. 6.2. On the other hand, the

manganite CaCu3Mn4O12 is a half-metallic ferromagnet and provides colossal-magnetoresistance

properties up to 280 K [Weh01]. The Mn substitution leads to a progressive change of structural

and magnetic properties from the ruthenate to the manganite. The Curie temperature behaves

proportional to the Mn content.

Layered manganites of lower dimensionality based on the perovskite-related Ruddlesden-Pop-

per phases have also been substituted with Ru. The manganites (La,Sr)n+1MnnO3n+1 provide dif-

ferent giant-magnetoresistance properties depending on n, which reflects the dimensionality of the

MnO6-octahedra network [Uru95, Mor96]. For n = 1 (Sr2Mn0.5Ru0.5O4) and n = 2 (Sr3MnRuO7)

the partial substitution of Mn by Ru was reported and phase transitions from a paramagnetic phase

with ferromagnetic Curie-Weiss temperature to a cluster-glass and spin-glass phase were observed

[Gal02]. Lanthanum containing compounds La1.2Sr1.8Mn2−xRuxO7 (n = 2) with Ru-substitution

levels up to x = 0.5 show a complex antiparallel magnetic-ordering behavior [Wei02, Sch04].

Magnetic ordering in these compounds is basically caused by the different valence states of

Ru4+/Ru5+ and Mn3+/Mn4+ and by the fact that the electrons behave somewhat in between lo-

calized and itinerant. The various d electron configurations lead to a large number of magnetic

interactions between the ions and to the reported magnetoresistance effects. The ferromagnetic

double-exchange mechanism competes with the antiferromagnetic superexchange resulting in dif-
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Figure 5.39.: SAED patterns observed for the zone axes [100], [010], and [001] of La2Ru0.75Mn0.25O5.

ferent magnetic ground states depending also on structural changes.

Motivated by the complex changes of the physical properties caused by Mn substitution in Ru-

based oxides, the influence of a partly replacement of Ru by Mn on the singlet ground state of

La2RuO5 was investigated and in parts already reported in Refs. [Rie13c, Rie13d]. Similar to

the Ti- and rare-earth substitutions a full replacement was not expected, since an isostructural

La2MnO5 was not reported yet.

The crystal structure of La2Ru1−yMnyO5 was investigated by XRD and ND at varying temper-

atures to study in detail the changes caused by the Mn doping and the phase transition. Possible

charge ordering of Ru4+/Ru5+ and Mn3+/Mn4+ was studied using XAS. Based on this the experi-

mental data of the specific heat and magnetic properties were analyzed. In addition, the structural

changes correlated to the magnetic dimerization transition were studied to further characterize the

different magnetic phases.

5.3.1. Crystal Structure at Room Temperature

The polycrystalline samples were obtained via the citrate route described in Sec. 2.1.3. Traces

below 0.5% of LaRuO3 or La3RuO7 impurities were found in analogy to the Ti- and rare-earth

substitutions. For y > 0.25 distinct amounts of MnO2 were detected indicating the upper limit

of Mn incorporation in the La2RuO5 crystal structure. This upper limit will be discussed below

with respect to the values obtained from the Ti substitution and the deviations of the ionic radii

depending on the Ru and Mn oxidation states.

To investigate the possible existence of superstructures caused by cationic ordering of Ru and

Mn, selected area electron diffraction (SAED) patterns were recorded. In Fig. 5.39 the zone axes

[100], [010], and [001] of La2Ru0.75Mn0.25O5 are depicted. The absence of additional reflexes

excludes the possible occurrence of Ru/Mn cationic ordering. The extinction rules derived from

the patterns are the same as found for pure La2RuO5 and correspond to space group P21/c. The

unit-cell parameters agree with the values found by XRD and ND.

The XRD patterns recorded at room temperature were analyzed by Rietveld refinement. The

results show that La2Ru1−yMnyO5 crystallizes in the monoclinic (P21/c) modification, isostruc-
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Figure 5.40.: Rietveld refinement of the La2Ru0.8Mn0.2O5 x-ray diffraction pattern measured with

Cu-Kα1,2 radiation at room temperature. Inset: Detail of the patterns for y = 0, 0.05, 0.1, 0.15, 0.2, and

0.25 in the angular range 30.25◦ ≤ 2θ ≤ 31.75◦.

tural to pure La2RuO5 and in agreement with the SAED patterns. As an example of the fit qual-

ity, the refinement of La2Ru0.8Mn0.2O5 is depicted in Fig. 5.40. In the inset the angular range

30.25 ≤ 2θ ≤ 31.75◦ is shown in detail for the y values 0, 0.05, 0.1, 0.15, 0.2, and 0.25. The

observed peaks at approximately 30.7◦ corresponding to the hkl values (1 1 2) and (0 2 0) show

an increasing splitting with y. This effect is caused by the decrease of cell parameter b, which

shifts the (0 2 0) peak to higher 2θ values. In contrast, the overall change of the cell parameters

almost compensates for (1 1 2) and (-2 1 2), which explains the almost constant 2θ values for

those peaks. This observation is very similar to the Ti substitution (Sec. 5.2) but differs strongly

from the rare-earth substitution (Sec. 5.1) illustrating the different influence of the substituted site

on the crystal-structure evolution.

Fig. 5.41 shows the Rietveld refinement of the ND pattern of La2Ru0.75Mn0.25O5 recorded at

300 K. The very good agreement of the fit verifies that La2Ru1−yMnyO5 is isostructural to pure

La2RuO5 at room temperature. Furthermore, no additional peaks belonging to possible superstruc-

tures from a cationic ordering were observed. This indicates a completely statistical occupation

of Mn on the Ru-sites. The refinement of the Mn occupancy yielded a value of 0.24(2) which is

very close to the nominal concentration y = 0.25. The Ru/Mn occupation can be obtained with

high reliability due to the strongly different scattering lengths of Ru (7.02 fm) and Mn (-3.75 fm),
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Figure 5.41.: Rietveld refinement of the La2Ru0.75Mn0.25O5 neutron diffraction pattern measured at

300 K with λ = 1.494 Å.

while their absorption cross sections are similar [Sea92]. Further detailed results of the Rietveld

fits are given in the supplementary information of Ref. [Rie13c].

The cell parameters obtained from the Rietveld analysis of the XRD data are depicted in Fig.

5.42. The unit-cell axes are shown in the left frame (Fig. 5.42a), while the values of β are displayed

in the top right frame (Fig. 5.42b). The evolution of the unit-cell parameters of La2Ru0.75Mn0.25O5

is similar as for the Ti substitution (Sec. 5.2). The a-axis as well as the cell parameter b decrease

linearly for increasing y, however, for b the decrease is significantly larger. In contrast, the c-axis

and the monoclinic angle β are increasing linearly with y. The most significant changes of the axis

lengths are found for the axes b and c due to the Mn incorporation in the LaRuO4-layers, which

also induces the increase of β . On the other hand, the observed slight decrease of a results from

slightly shorter Ru–O bond lengths in the ab-plane, which is discussed below in more detail.

The distinct changes for b and c are caused by the smaller ionic radius of the Mn ions compared

to the Ru ions. A structural stress limit for the b-axis can be assumed to determine the stability of

the compound according to La2−xLnxRuO5. For y= 0.25 the extreme values for all cell parameters

are found. The lowest value of ≈ 5.77 Å for b is even smaller than observed for the rare-earth

substitution. The largest value for the c-axis is ≈ 8.02 Å, for β it is ≈ 101.1◦, and the values for

a remain within the boundaries determined from La2−xLnxRuO5 and La2Ru1−yTiyO5 (Sec. 5.1.1

and 5.2.1.1).
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Figure 5.42.: Cell parameters for La2Ru1−yMnyO5 derived from Rietveld analysis of room-

temperature powder XRD data. a) Cell parameter a, c, and b. b) Monoclinic angle β . Error-bars

are smaller than the size of the symbols. c) Relative change of the unit-cell parameters. The cell pa-

rameters of La2Ru1−yMnyO5 were normalized to their corresponding values of La2RuO5. All dashed

lines are guides to the eye.

The relative changes of the unit-cell parameters are shown in Fig. 5.42c. The values were ob-

tained by normalizing the cell parameters of La2Ru1−yMnyO5 to their corresponding value for

pure La2RuO5. As discussed above, the parameters b and c show the strongest y dependency with

changes of roughly ±1 %, while a only slightly decreases by 0.2 %. The rather small changes

ranging below 1 % indicate the minor effect of differences between the Ru and Mn ionic radii.

The small decrease of the unit-cell volume by 0.5 % is mainly due to the slightly increasing mon-

oclinic angle β . The described changes are different to the unit-cell evolution of La2−xLnxRuO5,
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Figure 5.43.: Ru-O coordination in the LaRuO4-layers projected along the c-axis for La2RuO5 (trans-

parent) compared to La2Ru0.75Mn0.25O5 (opaque) as derived from ND data. The dashed (y = 0) and

cyan solid (y = 0.25) lines mark the ab-plane of the RuO6 octahedra.

where the volume decrease is mainly caused by the a-axis shortening. On the other hand, in

La2Ru1−yTiyO5 the volume reduction is determined by the shortening of the b-axis and the simul-

taneous increase of β .

A detailed discussion of the structural changes caused by the Mn-substitution can be based on

the results from the Rietveld-analysis of the ND data. The values for the ht-phase of La2RuO5 were

taken from [Ebb05] and are compared to La2Ru0.75Mn0.25O5. The observed changes of the crystal

structure are displayed in Fig. 5.43. The notation of the oxygens introduced earlier in Sec. 5.1.1 is

used to compare the Ru–O bond lengths and angles. The octahedra of La2RuO5 (transparent) and

La2Ru0.75Mn0.25O5 (opaque) are shown projected along the c-axis and fixed on the same central

oxygen ion (O5) to increase the comparability of structural deviations. The distorted square-

shaped Ru–O coordination in the ab-plane is marked by the dashed (La2RuO5) and solid cyan

(La2Ru0.75Mn0.25O5) lines. It shows that the ab-plane coordination within the octahedra changes

only very little. Nevertheless, it is obvious that the distance between top and bottom O5 atoms

is shorter for the Mn substituted sample reflecting the b-axis decrease. This is supported by the

increase of the Ru–O5–Ru angle by roughly 2◦ from 155.4◦ to 157.5◦, which becomes visible

between the top two octahedra in Fig. 5.43. The La atoms remain on almost identical positions in

the rhombic-shaped space between the rows of octahedra along the c-direction.
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Figure 5.44.: Comparison of the octahedral coordination of Ru in La2RuO5 (left) and Ru/Mn in

La2Ru0.75Mn0.25O5 (right). The oxygen atoms are labelled corresponding to the previous sections.

Bond lengths are given in Å.

Furthermore, while the O2–Ru–O2 angle remains constant at roughly 178.5◦, the Ru–O2–Ru

angle increases slightly from 152.8◦ (y = 0) to 153.6◦ (y = 0.25). This explains the observed

increase of the c-axis for La2Ru0.75Mn0.25O5 compared to pure La2RuO5.

The (Ru/Mn)O6 octahedra are depicted in Fig. 5.44 for La2RuO5 (left) and La2Ru0.75Mn0.25O5

(right). To increase clarity only the label Ru is used in the following for the mixed occupation

of Ru and Mn on the Ru-site. In the ab-plane O3 and O4 are pointing towards the LaO-layers,

while the two O5 ions connect the corner sharing octahedra in a zig-zag arrangement. Parallel to

the c-direction the octahedra are linked by the two O2 ions. The Ru–O bond-length modifications

are in agreement with the changes observed for the cell parameters b and c. The Ru–O2 distances

increase according to c and the Ru–O5 distances decrease following the evolution of b. The

obtained changes of Ru–O bond lengths result in a stronger tetragonal distortion of the octahedra

for La2Ru0.75Mn0.25O5. This behaviour would be expected for the Jahn-Teller active Mn3+ ions,

but is not anticipated for Mn4+ with a 3d3 configuration in octahedral coordination, which is

expected to favor a higher symmetry. In addition, the bond lengths for Ru–O3 and Ru–O4 also

become slightly shortened in the range of several mÅ.

The incorporation of Mn also affects the Ru–Ru distances. For y = 0 similar values of approx-

imately 3.98 Å for the Ru–Ru distance in c-direction and ab-plane were reported [Ebb05]. For

y = 0.25 the Ru–Ru distance parallel to c is elongated to roughly 4.01 Å, while the one in the

ab-plane is shortened to 3.94 Å. These values are close to the Ru–Ru distances in the lt-phase of

La2RuO5 (1.5 K), where values of 3.87 Å/3.92 Å and 4.04 Å/4.05 Å were observed. On the other

hand, in the lt-modification of La2RuO5 the bond lengths are alternating in both b- and c-direction

(see Sec. 4.1.1), while in La2Ru0.75Mn0.25O5 no alternations occur due to the higher crystallo-

graphic symmetry. It has been argued in the previous sections that the alternating short and long

Ru–Ru distances are closely related to the spin-dimerization phenomena in lt-La2RuO5. Thus,

the magnetic exchange interactions are expected to vary and probably cause a different magnetic
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Figure 5.45.: Comparison of the unit-cell parameters of the high-temperature (300 K) and the low-

temperature (100 K) phase of La2Ru1−yMnyO5. Values of α and γ are 90◦ in the ht-phase.

phase transition for Mn-substituted samples.

BVS calculations were performed using the neutron-diffraction data for La2Ru0.75Mn0.25O5.

The obtained valences of the ions in the LaO-layers amount to +3.2 for La and -2.4 for oxygen

caused by smaller La-sites than calculated from typical interatomic distances of La3+ and O2−

in agreement with the results for pure, rare-earth, and titanium substituted La2RuO5. For the

LaRuO4-layers the valences were slightly smaller than the expected nominal ones, Ru provides

+3.9, La +2.9, and O -1.9, respectively. It has to be mentioned that by the BVS calculation the Mn

oxidation state was determined to +3.1, which can be explained by the comparable ionic radius

of the high-spin state of Mn3+: 0.645 Å to the Ru4+ ion (0.62 Å) in octahedral coordination

[Sha76]. Assuming a constant oxidation state of +4 on the Ru-site, which was already reported

for the Ti substitution (Ti4+: 0.605 Å), the Mn4+ ion radius is significantly smaller: 0.53 Å. As

mentioned above, the valence is determined from a comparison of the bond lengths between Mn

and the coordinating O atoms. In La2Ru0.75Mn0.25O5 larger distances than expected for Mn4+–O

are present and, thus, artificially reduce the oxidation state. However, with respect to the described

local changes in the crystal structure upon substitution, which are similar to the Ti substitution, a

+4 oxidation state of Mn seems to be more plausible. This is discussed in the sections 5.3.3 and

5.3.4, in which the XANES and magnetic susceptibility measurements are outlined.

5.3.2. Low-Temperature Crystal Structure

As a consequence of the structural phase transition to the triclinic space group P1̄, changes of the

interatomic distances and unit-cell parameters were observed for pure La2RuO5. Due to bond-
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Figure 5.46.: Rietveld refinement of the La2Ru0.75Mn0.25O5 ND pattern measured at 1.5 K with λ =

1.494 Å. Bragg positions for both ht- and lt-phase are marked by green vertical dashes.

length and angle variations, the magnetic exchange between the Ru ions is influenced and leads

to the singlet ground state with dimerized neighboring Ru S = 1 spins. In the previous section

the influence of the Mn substitution on the ht-phase structure was discussed. From the observed

changes it can be expected that also the low-temperature crystal structure as well as the phase

transition are affected.

To study the effect of the Mn substitution on the structural phase transition, the cell parameters at

room temperature and 100 K were compared. In pure La2RuO5 the values for a, b, and α decrease

during the transition from ht- to lt-modification and, in turn, c, β , and γ increase. Except for γ ,

which decreases by 2 % during the phase transition, all other parameters show small deviations

of less than 0.3 %. In Fig. 5.45 the ht-phase data at 300 K normalized to the lt-phase values at

100 K are shown as a function of the Mn concentration y. For y = 0,0.1, and 0.175 the values

were obtained from patterns recorded on a laboratory diffractometer (STOE STADI P), while for

y = 0.15,0.2, and 0.25 synchrotron-radiation diffraction patterns were used. All parameter ratios

change linearly with increasing substitution level. In the case of a, b, α , and β for concentrations

y ≥ 0.15 the values are close to unity indicating that the phase transition barely affects these

parameters. On the other hand, for c and γ a different behavior is observed. Similar to the Ti

substitution the low-temperature value of γ is reduced. With increasing Mn content the differences

between ht- and lt-modifications become smaller, but do not vanish completely like in the case
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Figure 5.47.: Rietveld refinement of the La2Ru0.75Mn0.25O5 XRD pattern measured at 10 K (left) and

300 K (right) at the beamline B2 of HASYLAB using λ = 0.56285 Å. The asterisks mark an impurity

phase.

of Ti doping. For the c-axis the differences between ht- and lt-phase increase with higher Mn

concentration from roughly 1.00 to 1.01 for y= 0.25. It should be noted that although the observed

changes seem to be rather small, they are clearly significant as indicated by the error-bars shown

in Fig. 5.45. Despite the difference in the behavior to the Ti substituted samples, the smaller

Mn4+ ions similarly affect the crystal structure, but these changes do not suppress the structural

transition in total. More reasonably the emerging structural modifications determine a solubility

limit for Mn in La2RuO5.

The structural changes between the ht- and lt-phase were also determined by Rietveld-analysis

of ND data for La2Ru0.75Mn0.25O5. In Fig. 5.46 the refinement result of the data recorded at 1.5 K

is shown. A good agreement of measured data and Rietveld-fit is achieved, but surprisingly a

mixture of both the monoclinic ht- and the triclinic lt-modification is found at 1.5 K. This is in

contrast to the other Mn substituted samples, where roughly 20 K below the transition temperature

only the lt-phase is present. For La2Ru0.75Mn0.25O5 a ratio of approximately 55 % ht- and 45 %

lt-modification was found at 1.5 K. Very similar results were obtained from the synchrotron XRD

data analysis. The same ratio of ht- and lt-phase was observed for the data recorded at 10 K,

which was the lowest temperature applied for the synchrotron XRD measurements. In Fig. 5.47

the refinement results for 10 K (left) and 300 K (right) are depicted. While at room temperature

only the ht-phase is present, at 10 K data a mixture of both modifications is observable as indicated
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by additional peaks, which are characteristic for the lower symmetry of the triclinic unit cell. The

fit quality of the low-temperature patterns is slightly worse, as can be seen by the larger amplitude

of the difference curve and, in turn, higher residual values. This is not surprising taking into

account the significantly increased number of fit parameters and strong correlations.

From the ND data at 1.5 K a Mn occupancy of 0.27(2) is obtained for the ht-phase and 0.20(2)

for the lt-phase. Weighted with their fractions 55 % and 45 %, respectively, an average occupancy

of 0.24(2) is achieved in excellent agreement with the nominal value of 0.25 and also the room-

temperature results. The fraction of 20 % Mn probably indicates an upper substitution limit,

which allows the transformation to the lt-modification and, hence, drives the dimerized state. But

strikingly, at 300 K no remarkable splitting or broadening of the diffraction peaks can be observed

in the ND and XRD pattern. Such a splitting would indicate the presence of two fractions with

slightly varying Mn occupancy. Furthermore, the crystallites investigated with SAED showed no

additional reflexes or a noticeable broadening and energy dispersive x-ray spectroscopy did not

yield varying Mn incorporation within one crystallite, either.

To study the temperature-depending phase evolution, the relative fractions of the ht- and lt-phase

for La2Ru0.75Mn0.25O5 from the Rietveld analyses are depicted in Fig. 5.48. The ND patterns were

recorded during continuous cooling. In addition, synchrotron XRD patterns were analyzed. The

values for both datasets are in good agreement and show smooth changes starting at 120 K, which

saturate below 50 K with a fraction of roughly 45 % lt-phase. At 150 K a fraction of approximately

11 % lt- and 89 % ht-phase was found in the ND patterns. In contrast, the XRD data document the

absence of the lt-modification above 130 K. Due to the better signal-to-noise ratio for the XRD

patterns this result is more reliable.

The incomplete phase transition for La2Ru0.75Mn0.25O5, which is apparently completed at 50 K,

is not easy to explain. A inhomogeneous distribution of the Mn-ions comes to mind. On the other

hand, such a chemical inhomogeneity should result in detectable splittings or at least broadening of

the diffraction peaks (especially since the cell parameters were found to significantly change with

y). Surprisingly no sign of such features were observed, not even in the synchrotron data. This

finding indicates that possible inhomogeneities can only exist on a very local scale. It is likely

that due to the Mn incorporation the formation of Ru-Ru spin dimers becomes locally suppressed

(similar to the Ti substitution in Sec. 5.2.1) as discussed later. If the formation of such dimers is

the driving force for the structural transition it is reasonable that it remains incomplete.

The observed phase separation is rather unusual and, therefore, a detailed structural analysis

was carried out using the ND pattern of La2Ru0.75Mn0.25O5 recorded at 1.5 K and 300 K. This

offers the opportunity to derive bond lengths and angles for both modifications simultaneously at

low temperatures and compare the values to the results of the room-temperature measurements.

The values for the Ru–O bond lengths, the Ru–Ru distances, and the O–Ru–O and Ru–O–Ru

bond angles of the 1.5 K measurement are listed in Tab. 5.9. The oxygens O3 and O4 are pointing

towards the LaO-layers. In addition, the O2 bridge the octahedra in c direction and the O5 connect

them in the ab plane. The denotation of the oxygen sites deviates from the previously used ones in

Sec.4.1. However, to increase comparability a similar notation used in [Ebb05] for pure La2RuO5

was applied, where the in the lt-phase splitted Ru-site is labelled Ru and Ru(a).
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Figure 5.48.: Temperature dependence of the fraction of the ht- and lt-modification in

La2Ru0.75Mn0.25O5 from synchrotron XRD and ND data sets.

In the ht-modification the (Ru/Mn)O6 octahedra document a typical thermal contraction from

300 K to 1.5 K characterized by slightly shortened Ru–O bonds and almost constant angles. In the

lt-phase distinct deviations in the coordination of the emerging two Ru-sites (Ru and Ru(a)) can

be observed. In comparison with the structural data of pure La2RuO5 the octahedral deformation

is even more pronounced due to the Mn substitution. The O2–Ru–O2 angle of 179.02◦ indicates

a small degree of deformation of the octahedra for the ht-phase of La2Ru0.75Mn0.25O5. In the

lt-phase, on the other hand, the angle decreases to 175.83◦ for Ru and even more drastically to

166.03◦ for Ru(a) due to the pronounced off-center Ru-site in this octahedron. In agreement with

the off-center position of Ru the Ru–O bond lengths in the ab-plane become systematically shorter

for O3 and O4 by approximately 0.1 Å, while they elongate by the same value for O5. The smaller

ionic radius of Mn4+ compared to Ru4+ allows a such larger displacement of the central ion in the

octahedra.

With respect to the distinctly reduced O2–Ru(a)–O2 angle, the shortest Ru–Ru distance is also

found along c (marked with ** in Tab. 5.9), however, this is not the superexchange path corre-

sponding to the Ru singlet formation. According to Anderson, Kanamori, and Goodenough the

superexchange-interaction strength strongly depends on the metal-oxygen-metal bonding angles,

which can be expressed by Eq. 4.1. As mentioned above the ferromagnetic exchange J90 is con-
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Table 5.9.: Ru–O bond lengths and Ru–O–Ru bond angles in the ht- and lt-modification of

La2Ru0.75Mn0.25O5 at 1.5 K. Errors amount to roughly 30 mÅ for the bond lengths and to 0.8◦ for

the bond angles, respectively.

ht-phase lt-phase

Bond d(Å) Bond d(Å)

Ru–O2 2.044 Ru–O2 2.024

Ru–O2 2.075 Ru–O2(a) 2.164

Ru–O3 1.915 Ru–O3 2.002

Ru–O4 1.936 Ru–O4(a) 1.956

Ru–O5 1.978 Ru–O5 2.003

Ru–O5 2.003 Ru–O5(a) 1.884

Ru(a)–O2 1.921

Ru(a)–O2(a) 2.070

Ru(a)–O3(a) 1.762

Ru(a)–O4 1.854

Ru(a)–O5 2.152

Ru(a)–O5(a) 2.167

Ru–Ru (ab) 3.897 Ru–Ru(a) 4.001 (*)

Ru–Ru(a) 4.060

Ru–Ru (c) 4.006 Ru–Ru(a) 3.799 (**)

Ru–Ru(a) 4.144

Angle ϑ (◦) Angle ϑ (◦)

O2–Ru–O2 179.02 O2–Ru–O2(a) 175.83

O2–Ru(a)–O2(a) 166.03

O5–Ru–O5 96.86 O5–Ru–O5(a) 93.17

O5–Ru(a)–O5(a) 91.58

Ru–O2–Ru 153.12 Ru–O2–Ru(a) 148.78 (**)

Ru–O2(a)–Ru(a) 156.45

Ru–O5–Ru 156.45 Ru–O5–Ru(a) 155.47

Ru–O5(a)–Ru(a) 162.13 (*)

sidered to be significantly smaller than the antiferromagnetic J180. The corresponding angle ϑ for

Ru–O2–Ru for the shortest Ru–Ru distance (**) is decreasing from 153.6◦ at room temperature to

148.78◦ at 1.5 K, reflecting a strongly decreasing antiferromagnetic superexchange compared to

the other Ru–O–Ru paths. In contrast, in the ab-plane one Ru–O–Ru angle increases to 162.13◦

(marked with * in Tab. 5.9) and additionally corresponds to the second shortest Ru–Ru distance

of 4.001 Å. Along this Ru–O–Ru path the singlet formation is very likely preferred due to the

increasing antiferromagnetic superexchange similar to the results of pure La2RuO5. This finding

shows that the singlet formation depends stronger on the Ru–O–Ru angle than on the Ru–O–Ru
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Figure 5.49.: Relative change of the ht- (full symbols) and lt-phase (open symbols) unit-cell param-

eters of La2Ru0.75Mn0.25O5 from ND pattern analysis. For better comparability the values at each

temperature step are normalized to their corresponding ht-modification values at 300 K. Error-bars are

smaller than the size of the symbols.

distances, which do not change enough to explain the effect. Applying the superexchange descrip-

tion, the observed magnetic properties concerning the dimerization transition in La2Ru1−yMnyO5

can be well explained. The more complex Ru-Mn interactions can only be interpreted together

with detailed magnetic studies shown in Sec. 5.3.4.

Based on the ND patterns, the temperature-dependent changes of the cell parameters were in-

vestigated for La2Ru0.75Mn0.25O5. Due to the incomplete phase transition the unit-cell parameters

of the ht-modification are available for the entire temperature range from 300 K to 1.5 K. The

lt-phase data were obtained for T < 120 K. To improve comparability, the different parameters

for ht- and lt-phase were normalized to the room-temperature values as depicted in Fig. 5.49. The

data for α and γ were omitted, since in the ht-modification these amount to 90◦ by definition of

the unit-cell symmetry. For the ht-phase the thermal contraction of the unit-cell volume by 0.5◦ is

mainly a result of the shortening of the a-axis (i.e. along the alternating layering of the LaO- and

the LaRuO4-layers). This preferred contraction direction is understandable since similar to the

rare-earth substitution it is easier to change the interlayer distance than to stretch or compress a

layer of corner-sharing octahedra. The unit-cell volume decreases almost linearly between 300 K

and 50 K with a slightly reduced slope down to 1.5 K (marked by dashed lines in Fig. 5.49). This

is a typical behavior caused by the increasing rigidity of solids at low temperatures as already ob-

served for La2Ru0.55Ti0.45O5 (Sec. 5.2.1.1). From the linear part above 80 K the thermal expansion
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Figure 5.50.: Left: Normalized Mn-K absorption spectra of reference manganese oxides and selected

La2Ru1−yMnyO5 samples (y = 0.05,0.1,0.15,0.2,0.25). The dashed vertical lines mark the edge en-

ergy of the reference oxides reflecting the valences +2, +3, and +4. Right: Mn valence of the samples

as determined from the first derivative of the Mn-K XANES spectra.

was determined to αc = 20 ·10−6 K−1, which is in a typical range for oxides and almost identical

to La2Ru0.55Ti0.45O5. For the lt-modification the increases/decreases of the corresponding cell pa-

rameters caused by the structural transition is visible. For both phases similar relative changes of

the cell parameters are observed with decreasing temperature. Below 100 K the slope of the lines

indicate the volume change, which reduces the thermal expansion factor to αc,lt = 5 ·10−6 K−1.

5.3.3. Ru- and Mn-Valence Determination Using XANES

For the interpretation of the magnetic properties and structural changes the determination of the

oxidation states of Mn and Ru in La2Ru1−yMnyO5 is required, since both elements can adopt

different valences in oxides (e.g. Mn2+, Mn3+, Mn4+, and Ru3+, Ru4+, Ru5+). This would allow

charge ordering in La2Ru1−yMnyO5. Very often mixed valences of Mn3+/Mn4+ and Ru4+/Ru5+

are found in Mn substituted ruthenates explaining the observed complex magnetic phase diagram

and phase segregation. Alternatively, both Mn- and Ru-ions may be tetravalent.

XANES measurements for selected La2Ru1−yMnyO5 samples and reference oxides with known

oxidation states and similar octahedral coordination were performed. In Fig. 5.50 the normal-

ized absorption spectra at the Mn-K edge are shown in the left frame. The spectra of the ref-

erence oxides MnO (Mn2+), Mn2O3 (Mn3+), and MnO2 (Mn4+) are depicted and dashed lines

mark the corresponding edge energies, which were determined from the first maxima of the first
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of the two pseudo-Voigt fit maxima (pV1 and pV2). Right: Ru valence determined from the fit of the

first derivative of the Ru-LIII XANES. The symbols represent the energies of the pseudo-Voigt peak-fit

maxima. The horizontal solid lines indicate the Ru4+ energy determined from the references (see text).

derivatives of the spectra [Gar10, Bri01]. The measurements of the La2Ru1−yMnyO5 samples

(y = 0.05,0.1,0.15,0.2,0.25) were repeated four times and averaged to improve the signal-to-

noise ratio. This averaging was necessary due to the low Mn content of some samples and the

high absorption caused by the La-LI edge (6266.3 eV) that is leading to a high background at the

Mn-K edge (6539.0 eV) [Bea67].

In the right frame of Fig. 5.50 the obtained edge energies for La2Ru1−yMnyO5 are compared

with the values of the reference compounds. The energy increases linearly with the Mn oxidation

state with a slope of roughly 4 eV per oxidation number. The edge positions of La2Ru1−yMnyO5

agree well with the one of the Mn4+ reference. No significant difference between the spectra of the

different Mn substituted samples could be found. In conclusion, the Mn-ions in La2Ru1−yMnyO5

clearly have the oxidation state +4.

For the Ru valence determination RuO2 and unsubstituted La2RuO5 (from sol-gel and solid-state

synthesis) were used as reference material as well as a number of other ruthenates, all possessing

an oxidation number of +4 (see e.g. Sec. 5.2.1.2 and Sec. 6.2.3). In the left frame of Fig. 5.51

normalized spectra of the Ru-LIII absorption edge are shown. In contrast to the Mn-K edge spectra

the Ru-LIII absorption edge needed to be recorded only once. The determination of the edge

energy was performed by fitting the first derivative of the XANES spectra (see Sec. 2.3.1). For
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Figure 5.52.: FWHM of the second pseudo-Voigt peak and area ratio of both peaks obtained from the

fit of the normalized Ru-LIII absorption spectra.

the reference compounds the obtained energies of the maxima of the two pseudo-Voigt functions

are marked by the dashed lines in the left frame of Fig. 5.51 (denoted as pV1 and pV2). The peak

maxima of all spectra visibly exhibit very similar energies.

In the right frame of Fig. 5.51 the horizontal solid lines mark the peak positions for the refer-

ences. The obtained values are within experimental uncertainties (shaded area) in agreement with

the data reported in Sec. 5.2.1.2 and Sec. 6.2.3. The peak energies for the La2Ru1−yMnyO5 sam-

ples (y = 0.025,0.05,0.1,0.15,0.2,0.25) reveal a valence of +4 within the determined error range

of the references. In addition, similar to the results for the Ti substitution shown in Sec. 5.2.1.2

the energy spacing between the two pseudo-Voigt maxima is in good agreement with the value of

2.6(1) eV typically found for Ru4+ [Ebb01].

For La2Ru0.75Mn0.25O5 absorption spectra for both edges Mn-K and Ru-LIII were also measured

for lower temperatures down to 110 K, which is significantly below the transition temperature. The

spectra remain almost identical for all temperatures indicating constant valence and the absence

of a charge ordering due to the phase transition. It should be mentioned that the edge shape was

not influenced by the minor structural changes occurring during the cooling, an effect which was

also observed for pure La2RuO5.

As described for La2Ru1−yTiyO5 (Sec. 5.2.1.2) and La2−xSrxCu1−yRuyO4−δ [Ebb01], the full

width at half maximum of the two pV peaks utilized for the Ru-LIII fit can be used to estimate the

distortion of the RuO6 octahedra. While the FWHM of pV1 (which can be assigned to a transi-

tion into empty orbitals of predominantly t2g-character) remains almost constant (≈ 1.8 eV), the

second pV peak (transition to eg-type orbitals) broadens with increasing Mn substitution level.

The FWHM of pV2 (squares in Fig. 5.52) of pure La2RuO5 amounts to roughly 4.2 eV, which is

significantly smaller than the approximately 6 eV observed for RuO2 and La2−xSrxCu1−yRuyO4−δ

[Ebb01]. With increasing Mn substitution level, the FWHM of La2Ru1−yMnyO5 increases slightly
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until y = 0.2, while for y = 0.25 a strong broadening is observed. In addition, the ratios of the

peak areas pV2/pV1 (red circles in Fig. 5.52) increase slowly between 0 ≤ y ≤ 0.2 from approx-

imately 6.5 to 8.7 and then reveals a strong increase to 16.7 for y = 0.25. For comparison, the

La2−xSrxCu1−yRuyO4−δ samples provide a ratio of roughly 30 similar to e.g. RuO2 [Ebb01]. The

increased ratio for La2Ru0.75Mn0.25O5 corresponds to the larger distortion of the octahedra. The

Ru–O bonds in c-direction were found to be elongated compared to the very similar bond lengths

in the ab-plane. The increasing quasi-tetragonal distortion can be explained taking into account

the size of the Mn4+ ion (0.53 Å), which is too small for the Ru-site (Ru4+: 0.62 Å) and, therefore,

leads to a displacement similar to the situation found e.g. in BaTiO3.

In summary, the oxidation states of both Mn and Ru were determined to be +4 without a charge

ordering. This result is used for the interpretation the magnetic properties discussed in the subse-

quent section.

5.3.4. Magnetic Properties

The substitution of Ru by Mn directly affects the observed magnetic properties in La2Ru1−yMnyO5.

The almost completely suppressed magnetic susceptibility in the lt-phase of pure La2RuO5 origi-

nates from the compensation of the magnetic moments by an antiparallel pairing of the S = 1 spin

moments of the Ru4+ ions forming a singlet ground state. The Mn ions are also tetravalent with a

3d3 electron configuration and a magnetic spin moment of S = 3/2. The incorporation of Mn4+

with its larger magnetic moment leads to new magnetic features as shown in Fig. 5.53.

In the top and middle frame of Fig. 5.53a, respectively b, the temperature depending magnetic

susceptibilities χ = M/H are depicted for field cooled conditions at H = 1 kOe. In Fig. 5.53c the

corresponding inverse susceptibility is shown. Above 190 K all samples exhibit a paramagnetic

behavior. The characteristic step of the Ru-spin dimerization transition for La2RuO5 denoted as

(1) in Fig. 5.53b is evident for the samples with lower Mn substitution levels. With increasing y
it becomes somewhat narrower and the step height decreases. The low temperature paramagnetic

Curie-like increase of χ denoted (2) can very probably be ascribed to a small fraction of uncoupled

Ru and Mn spin moments or maybe the residual moment of an Ru-Mn pair. The unusual (ferro-

magnetic) increase of χ (3) for the samples with higher substitution levels (y≥ 0.15) is best visible

in Fig. 5.53a. The curves (3) display an increasing transition temperature with y for this feature

indicated by the horizontal arrow. The increase possibly stems from the rresidual moment of un-

compensated antiparallel aligned and unequal Ru and Mn spin moments. In the susceptibility for

y = 0.10 besides the dimerization step (1) an anomaly ascribed to effect (3) at roughly 40 K can

be seen in Fig. 5.53b. Furthermore, the Ru-spin dimerization becomes increasingly suppressed

with y until it is completely vanishing for La2Ru0.75Mn0.25O5. In Fig. 5.53c the upturn below

170 K in 1/χ indicating the dimerization decreases strongly with increasing y until for y = 0.25 a

ferrimagnetic shape is observed and the anomaly caused by the dimerization vanishes completely.

Before the three low-temperature magnetic phases are discussed, the ht-phase susceptibility is

investigated to possibly extrapolate information on the magnetic interactions to the low tempera-

ture behavior. Above the dimerization temperature Td all compounds display a linear slope in 1/χ
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Figure 5.53.: a) Temperature dependent magnetic susceptibility of La2Ru1−yMnyO5. b) Detailed sus-

ceptibilities up to 0.01 emu/mol. c) Corresponding temperature dependent inverse magnetic suscep-

tibilities. The numbers correspond to the different magnetic phases according to: (1) Ru-Ru spin

dimerization, (2) Paramagnetic Curie-tail (of not dimerized Ru and Mn spin moments), and (3) Other

Ru and Mn spin interactions. For details see text.

indicating a paramagnetic behavior, which was fit using the Curie-Weiss law (Eq. 2.32) between

190 K and 400 K. For all samples the additional parameter χ0 was found to be negligibly small

(≤ 10−4 emu/mol) and is therefore not further discussed. From the fitting parameter C the effective

magnetic moment neff was calculated.
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Figure 5.54.: a) Effective magnetic moments neff and b) Curie-Weiss temperatures ΘCW for

La2Ru1−yMnyO5 determined from fits to the high temperature range of 1/χ (190 - 400 K). The solid

line in frame a) indicates the theoretically expected paramagnetic moments (Eq. 5.4). The dashed line

in frame b) is drawn to guide the eye. For details see text.

In Fig. 5.54a the neff values for the La2Ru1−yMnyO5 samples are depicted. They increase with

the Mn substitution level. This behavior can very well be described by the combination of the spin

moments for Mn4+ and Ru4+ applying the oxidation states obtained by XANES. Since Mn4+ has

an larger spin moment S = 3/2 in contrast to Ru4+ with S = 1, the magnetic moment is expected

to increase with y. The sum of the Mn4+ and Ru4+ spin moments is indicated by the solid line and

was calculated according to:

neff,total =
√
(1− y) ·n2

eff(Ru4+)+ y ·n2
eff(Mn4+) . (5.4)

Values neff(Ru4+) and neff(Mn4+) were derived from the spin-only approximation as 2.83μB for

Ru4+ ions and 3.87μB for Mn4+. As seen in Fig. 5.54a, with this approach the experimental

values can well be reproduced within the range of the estimated standard deviations. It has to

be mentioned, though, that also the combination of Mn3+ (3d4: S = 1) and Ru5+ (4d3: S = 3/2)

reported for other Ru/Mn compounds would lead to the same values for neff. However, the XANES

measurements clearly prove the +4 oxidation states for both ions.

The Curie-Weiss temperatures ΘCW obtained from the fit are shown in Fig. 5.54b. The nega-

tive signs indicate that antiferromagnetic exchange interactions are dominant in the paramagnetic

ht-phase. For 0 ≤ y ≤ 0.1 ΘCW is close to −155 K and indicates a step-like increase to −110 K

for higher Mn concentrations. This abrupt change of ΘCW by roughly 30 % is not easy to explain.

It cannot be ascribed to structural changes, since for these only gradual changes without a step
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are observed. On the other hand, the change in ΘCW for y = 0.15 is in good agreement with the

distinctly changing shape of the susceptibility curves in Fig. 5.53 reflecting the onset characteristic

for a ferrimagnetic or canted antiferromagnetic spin arrangement. This is probably caused by a

percolation effect, since at this Mn substitution level any ruthenium ion has a manganese ion at

a neighboring site. This decreases the average exchange-interaction strength, because due to the

more extended 4d orbitals the Ru-Ru interaction can be assumed to be stronger than the Ru-Mn

interaction. The replacement of Ru4+ by Mn4+ ions with a higher spin moment on the Ru-site is

expected to heavily disturb the local magnetic ordering. This explains the progressive suppression

of the Ru-dimerization contribution in the magnetic susceptibility curves with increasing substi-

tution level similar to the Ti substitution. In the 1/χ curve of La2Ru0.75Mn0.25O5 no signature of

the dimerization is observable anymore.

To gain further insight in the lt-ordered state, detailed field cooled (fc) and zero field cooled (zfc)

measurements of χ applying a small external field of H = 100 Oe were performed. In Fig. 5.55 the

experimental data of χ and corresponding inverse susceptibilities are shown from top to bottom

for a) La2Ru0.95Mn0.05O5, b) La2Ru0.85Mn0.15O5, and c) La2Ru0.75Mn0.25O5. Below y = 0.1 the

fc and zfc values are very similar, only a small shift of the step reflecting the dimerization of less

than 2 K is observed, which is in agreement with the temperature hysteresis reported for pure

and rare-earth substituted La2RuO5. For y = 0.1 a splitting of fc and zfc susceptibility occurs

just below the Ru-dimerization temperature. In Fig. 5.55b the results for y = 0.15 indicate the

presence of two transitions at roughly 120 K and 80 K. The 1/χ signal shows the typical uprise

caused by the spin-Peierls transition. This increase is already dominated by the onset of the Ru-

Mn interaction leading to a smeared out cusp at approximately 100 K. At roughly 80 K a splitting

of fc and zfc measurement is observed, which is indicating a second magnetic transition due to

Ru-Mn interactions.

No dimerization peak was observed in 1/χ for La2Ru0.75Mn0.25O5, instead, solely the fc-zfc

splitting is found (Fig. 5.55c). The Ru spin pairing is already hardly observable for y ≥ 0.175,

however a small peak in the 1/χ curves shown in Fig. 5.53 indicates the existence at least up to

y = 0.2. Nevertheless, at low temperatures the susceptibilities of the samples with y ≥ 0.15 are

clearly dominated by the Ru-Mn interaction. Since the shape is similar to a ferrimagnetic system, a

canted antiferromagnetic arrangement of the magnetic moments is a possible model. Alternatively,

a spin-glass would also cause this observed shape of 1/χ as reported in Ref. [Zha07]. The large

increasing low temperature part of the susceptibility is contradictory to a spin-glass behavior, for

which the zfc-susceptibility should decrease to almost zero at lowest temperature. The observed

increase can very probably be ascribed to unpaired paramagnetic spin-moments (2).

To further investigate the origin of the magnetic features denoted (3), isothermal measure-

ments of M vs. H were performed for La2Ru0.75Mn0.25O5. The experimental data are depicted

in Fig. 5.56 for various temperatures above and below the different transitions. The top frame

of Fig. 5.56 shows the full range of the external field, while in the bottom frame the low field

region is depicted for a better comparability. At high temperatures a linear paramagnetic be-

havior of M is observed. Below the first phase-transition temperature, i.e. at 80 K, the appear-

ance of a hysteresis is found with a small remanence of MR ≈ 14 emu/mol and a coercive mag-
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Figure 5.55.: Temperature dependent magnetic susceptibility (black, left scale) and correspond-

ing inverse susceptibility (red, right scale) measured in fc and zfc mode at H = 100 Oe for a)

La2Ru0.95Mn0.05O5, b) La2Ru0.85Mn0.15O5, and c) La2Ru0.75Mn0.25O5.

netic field Hc ≈ 0.1 kOe. At 30 K Hc increases to roughly 1.2 kOe and the remanence at this

temperature is MR ≈ 51 emu/mol. These values further increasse at 2 K to MR ≈ 93 emu/mol

and Hc = 2.8 kOe. This residual magnetization at 2 K is more than 15 times smaller than ex-

pected for a classical ferrimagnetic arrangement of Mn4+ and Ru4+ moments with a remaining

single electron-spin moment (S = 1/2, corresponding to 1μB ≈ 5584 emu/mol), which amounts

to 0.25×5584 emu/mol = 1396 emu/mol. However, this limit could be achieved in saturation by

extrapolating the data for y = 0.25 to higher fields. The small and broad hysteresis is character-

istic for either a soft ferrimagnetic (canted antiferromagnetic) or a spin-glass. The area increases
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Figure 5.56.: Magnetic hysteresis curves of La2Ru0.75Mn0.25O5 at 300 K, 150 K, 120 K, 80 K, 30 K

and 2 K. In the top frame the complete measurement range and in the bottom frame the part close to

the origin are shown. Arrows indicate the direction of the change of the external field H during the

measurement.

with decreasing temperature indicating an increased ordering or freezing of the spin-orientations.

Furthermore, no saturation of M was found up to the maximal available external magnetic field.

This behavior as well as the s-shaped hysteresis are characteristic for a spin-glass phase. Simi-

larly, a canted antiferromagnetic arrangement would provide a superposed paramagnetic behavior

in addition to the hysteresis since the spins are further rotated against each other with increasing

field.

In addition, isothermal measurements of M vs. H were performed for y = 0.15 in the same

temperature range. Between 300 K and 100 K a linear paramagnetic behavior is found. At 80 K
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in agreement with the fc-zfc splitting a small s-shaped anomaly at the origin is observed indi-

cating the onset of canting/spin-glass formation which distinctly increases at lower temperatures.

Furthermore, a similar deformation of the hysteresis is observed, but a smaller hysteresis area

compared with identical temperature data for y = 0.25 is found.

The origin of the fc - zfc splitting as well as the emerging hysteresis at low temperatures was

studied in more detail. A spin-glass is characterized by an increase of the transition temperature

with increasing frequencies in an ac-zfc susceptibility measurement. To investigate this behavior,

the real (χ ′) and imaginary (χ ′′) part of the susceptibility for 0.1 ≤ y ≤ 0.25 were measured for

varying frequencies in the range between 1 Hz and 1000 Hz (Hac = 2.00 Oe and Hdc = 0 Oe).

The measurements exhibit a double peak in χ ′ and an even more complex temperature dependent

behavior of two overlapping peaks in χ ′′. For y = 0.15 and y = 0.25 significant shifts of the peak

maxima to higher temperatures by approximately 2.3 K and 2.6 K, respectively, were observed for

the peak closer to the transition anomaly. This frequency dependent shifts in the imaginary (and

real) part are characteristic for spin-glasses [Bin86, Myd93], although the overlapping peaks be-

have rather unusual. Such peak shifts can be described by a Vogel-Fulcher-Tammann law known

from canonical glass dynamics of supercooled liquids [Lun99]. This law was also applied for the

observed shift for the insulating spin-glass system Eu1−xSrxS [Mal79, Tho80]. Nevertheless, the

interpretation of the double peak structure becomes rather complex due to the occurring interac-

tions of Ru-Ru, Ru-Mn, and Mn-Mn spin moments, as well as the existence of a cluster-phase

(see Ti-substituted La2RuO5 in Sec. 5.2.1.3) and a possible blocking of the cluster- or spin-glass

arrangement. A further detailed study on the properties of the spin-glass phase seems to be promis-

ing for this semiconducting system and will be performed in future works.

From the measurement results the magnetic phase diagram shown in Fig. 5.57 is proposed.

The dimerization temperatures Td from the paramagnetic to the Ru–Ru spin pairing phase were

determined from the inverse susceptibilities. The obtained values (black circles) are depicted

in Fig. 5.57 together with a linear fit (solid red line). The fit corresponds to a linear decrease

of Td down to 0 K for full substitution of Ru by Mn (y = 1) identical to the Ti substitution:

Td = [166 ·(1−y)] K (see Sec. 5.2.1.3). While up to y = 0.15 the Td values can be well determined

by the tangent method (solid black circles), for 0.15 < y ≤ 0.2 the characteristic jump in 1/χ is

very small but still recognizable (indicated by the empty grey circles). Thus, the solid line is

extrapolated until y = 0.2. The second set of temperatures (blue triangles) in Fig. 5.57 are the

freezing temperatures Tf of the Mn/Ru spin-glass transition. These values were obtained from the

onset temperatures, where the fc and zfc susceptibilities split into two branches. This point reflects

the varying ordering dynamics of the two spin systems and their different magnetic interactions.

The three regions in Fig. 5.57 are the paramagnetic phase above Td , the Ru-spin dimerization

phase between Td and Tf (shaded red), and a spin-glass state involving Mn and Ru spin moments

below Tf (light cyan). The samples with y < 0.1 only show the spin-Peierls transition, while for

y≥ 0.1 they undergo both transitions. On the other hand, La2Ru0.75Mn0.25O5 probably only shows

the transition to the spin-glass phase. This temperature-dependent occurrence of several magnetic

transitions for one substitution level is a typical property caused by the Ru/Mn mixing. Similar

behaviors were also reported for other perovskite-like and layered compounds with mixed Ru/Mn
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fit of Td = [166 · (1− y)] K, while the dashed red line is an extrapolation of the fit. The solid blue line

indicates the transition to the spin-glass phase to guide the eye. The red shaded area marks the Ru-spin

dimerized phase while the light cyan colored area indicates the spin-glass phase.

occupation on the Ru or Mn-site, see e.g. Refs. [Zha07, Gal02, Sch04, Zha08]. But it has to

be mentioned that the incomplete structural transition for y = 0.25 plays an important role and is

difficult to explain in combination with the observed magnetic transition properties. This demands

further investigations of the magneto-structural correlations for these samples.

5.3.5. Specific Heat

To further characterize the magnetic phase transitions described above, the specific heat of un-

substituted La2RuO5 was compared to experimental data of selected La2Ru1−yMnyO5 samples (y
in steps of 0.05). From the magnetic susceptibility measurements it is known that for y ≤ 0.1

only the dimerization transition is present, while for y ≥ 0.1 an additional spin-glass transition

at lower temperatures occurs. For y = 0.25 only the latter one was found. The heat capacities

of the samples are depicted in Fig. 5.58 in Cp/T representation as a function of the temperature.

The peak emerging from the Ru-spin dimerization transition at 161 K is clearly observed for un-

substituted La2RuO5 and shifted linearly to lower temperature for increasing Mn concentration.

For y ≥ 0.15 the peak significantly broadens indicating increasing disorder in the low-temperature

phase. This broadening and smearing out of the heat-capacity anomaly increases with increasing
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Figure 5.58.: Specific heat in Cp/T representation for La2Ru1−yMnyO5 with selected substitution

levels (y in steps of 0.05). To increase the comparability the data were shifted in equidistant steps. The

corresponding Einstein-Debye fits of the phononic contribution are shown as solid lines.

Mn substitution level until for y = 0.25 a clear peak cannot be observed anymore and can only

be recognized by a slight change of curvature at approximately 100 K. The peak maxima are in

reasonable agreement with the spin-dimerization transition temperatures obtained form the onset

in the susceptibility data.

The fit of the specific-heat data was carried out using an Einstein-Debye phonon model with

one Debye- and four Einstein-terms to describe the phononic contribution to Cp. The obtained

fit values for La2RuO5 (already shown in previous sections) and the other substitution levels are

listed in Tab. 5.10. The fits are shown as solid lines in Fig. 5.58 and are in reasonable agreement

with the experimental data. The Debye temperatures for all compounds are similar. Also the

four Einstein terms used for the fitting procedure are similar and of comparable size. However,
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Table 5.10.: Results of the heat-capacity fit of La2Ru1−yMnyO5 (see text for details). The excess

entropy contribution Smag was calculated from the integrated residual peak after the subtraction of the

lattice contribution.

Sample c0 ( mJ
molK2 ) ΘD (K) ΘE1 (K) ΘE2 (K) ΘE3 (K) ΘE4 (K) Smag ( J

molK
)

La2RuO5 2.2 132 175 217 325 520 4.2(3)

La2Ru0.95Mn0.05O5 11 132 179 221 335 540 3.9(3)

La2Ru0.9Mn0.1O5 16.5 144 190 233 359 592 3.1(3)

La2Ru0.85Mn0.15O5 32 148 185 263 348 558 3.2(3)

La2Ru0.8Mn0.2O5 36 154 197 267 352 583 3.4(3)

La2Ru0.75Mn0.25O5 39 136 195 291 291 720 3.6(3)

it was not possible to derive a stable and reliable fit for the compound with the Mn concentration

y = 0.25. In this case a constraint, i.e. ΘE2 = ΘE3 had to be used. In addition, ΘE4 is rather

large when compared to the results of the other concentrations. This probably results from the

smeared out dimerization transition and a hidden spin-glass peak, which is expected in the same

temperature range.

At very low temperatures an increasing offset in Cp/T was observed, which was included

into the fit using a constant c0. This constant increases from 2.2 mJ mol−1 K−2 to roughly

39 mJ mol−1 K−2 and can be explained by an increasing importance of the spin-glass contri-

bution to the specific heat (see Sec. 5.2.1.4). However, there is no simple scaling of c0 with the

manganese concentration. Also no significant contribution of the spin-glass state to the heat ca-

pacity at about 1.2 ·Tf can be distinguished [Myd93]. For high substitution levels this contribution

is expected close to 100 K, where phonon contributions dominate the heat capacity and it might

well be that these spin-glass contributions merge with the smeared out peak of the dimerization

transition.

Fig. 5.59 shows the experimental specific heat after subtraction of the lattice contribution in

Cp/T versus T representation. For increasing Mn concentration a shift of the peak ascribed to the

Ru dimerization to lower temperatures is observed. With increasing y the peak height strongly

decreases and the dimerization transition becomes significantly smeared out.

In the upper frame of the inset in Fig. 5.59 the temperatures of the peak maxima are depicted as

a function of the substitution level. The solid red line corresponds to T = 166 · (1− y) K, which

stems from the linear fit of the spin-dimerization transition temperatures up to y = 0.175 obtained

from the magnetic susceptibility data. For y ≥ 0.15 the peak broadens significantly and the max-

imum shifts constantly to values 20 K below the extrapolated ordering temperatures. This shift

could be caused by additional contributions of the spin-glass transition just below the dimeriza-

tion temperature in the lt-phase. From the peak areas the magnetic entropy contribution Smag was

obtained via Smag =
∫
(Cp −Clattice)/T dT between 50 K and 250 K. The obtained entropies are

listed in the last column of Tab. 5.10 and are depicted in the lower frame of the inset in Fig. 5.59.
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Figure 5.59.: Residual specific heat in (Cp −Clattice)/T of La2Ru1−yMnyO5 for the samples shown in

Fig. 5.58. The insets give the temperatures of the peak maxima and the entropy changes from the peak

integration as a function of the Mn concentration.

In the pure compound La2RuO5 the entropy is 4.2 J mol−1 K−1, which is approximately 50% of

the entropy for spin S = 1 systems due to a residual degeneration of the dimerized ground state.

The decreasing entropy with increasing Mn concentration for y ≤ 0.1 results from the dilution of

Ru centers and further appearing Ru-Mn exchange interactions, which compete with the Ru-Ru

exchange. However, for y ≥ 0.15 the entropy is increasing due to the increasing contribution of

the spin-glass to the transition peak, while the fraction of the dimerization transition is expected to

rapidly decrease above y = 0.1 because the structural changes very strongly reduce the intradimer

interaction strength.

5.3.6. DFT Calculation

According to the magnetic susceptibility and specific heat the increasing Mn substitution dras-

tically changes the magnetic properties especially for La2Ru0.75Mn0.25O5. The Mn 3d states

are therefore expected to mix strongly with the Ru 4d main contribution to the local density of

states at the Fermi-energy. In the vicinity of EF the Ru 4d and the O 2p levels located in the

LaRuO4-layers dominate the DOS (see Sec. 4.5). Therefore, DFT calculations were performed

for La2Ru0.75Mn0.25O5 for the ht-phase crystal structure obtained from the Rietveld-analysis of

the ND measurements. For the modelling the symmetry was reduced to space group P1 to ex-

change a single Ru atom by Mn in the unit cell.
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Figure 5.60.: DOS of La2Ru0.75Mn0.25O5 (top frame) and La2RuO5 (bottom frame) using LDA.

In Fig. 5.60 the DOS for La2Ru0.75Mn0.25O5 is shown in the upper frame and pointing down-

wards the DOS of pure La2RuO5 is depicted in the bottom frame for comparison. The calculations

were performed using the local density approximation (LDA), since for the ht-phase the absence

of ordering does not require spin-polarized modelling. Only small deviations between both DOS

are observed, the Mn contribution is found very close to the partial DOS of Ru. The same result

is obtained for all four replacement possibilities of one Ru by one Mn atom in the unit cell in

agreement with almost identical total energies. The range between −1.5 eV and −4 eV, which is

corresponding to the O 2p states of LaRuO4- and LaO-layers is not significantly influenced by the

Mn substitution. The barely observable deviations below −4 eV and above 1 eV are explained by

the small changes of interatomic distances caused by the substitution.

Futher investigations were performed by spin-polarized calculations applying the local spin den-

sity approximation (LSDA). The results of magnetic and heat-capacity measurements exhibited
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the existence of strong magnetic interactions in the lt-phase of La2Ru0.75Mn0.25O5. In contrast to

the pure and rare-earth substituted La2RuO5 no antiparallel arrangement of the Ru spin moments

was found [Rie12c]. Due to the replacement of Ru by Mn the magnetic exchange results from

a summation of nearest-neighbor (AFM) and next-nearest neighbor (FM) interactions. To study

this exchange correlation, the LSDA calculations were performed with different ferro- and anti-

ferromagnetic initial spin settings using the same crystal-structure data as described above. For

the Mn4+ ion the initial spin moment S = 3/2 and for Ru4+ the moment S = 1, respectively, were

used in agreement with the XANES results. The LSDA modelling lead to a more than 1 eV lower

total energy than the unpolarized LDA calculation, which shows that the magnetic interactions are

required to more accurately model the band structure of the ht-phase.

An ferromagnetic ordering of the Ru and Mn spin moments lead to the result with the lowest

total energy. In detail, its energy was roughly 0.02 eV lower than for the calculation applying anti-

ferromagnetic ordering. This finding to some extend explains the observed magnetic susceptibility

which is obviously reflecting a residual ferromagnetic exchange interaction in La2Ru0.75Mn0.25O5.

It appears to be impossible to model the lt-phase behavior due to the coexistence of the two crys-

tal structures with deviating Mn content. Nevertheless, the ht-phase results of unpolarized and

polarized setting already provide results corroborating the experimentally found complex behav-

ior of the magnetic properties. The DFT calculations require more effort to better describe the

experimental data at this point. However, first the complex correlations and magnetic properties

should be understood in more detail before the DFT calculations can help to develop more accurate

models to describe the experimental findings.
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5.4. Thermogravimetric Analysis and Oxygen Stoichiometry

In general, the physical properties of oxides are strongly influenced by variations of the oxygen

stoichiometry. Especially the electrical conductivity changes due to additional charge carriers cre-

ated by off-stoichiometric oxygen contents. Furthermore, the magnetic properties are affected by

changed valences of the transition-metal cations. For (substituted) La2RuO5 no large oxygen non-

stoichiometries were expected due to the +4 valence of Ru, Ti, and Mn and the trivalent lanthanide

ions. In addition, from neutron diffraction no hints for e.g. oxygen vacancies were obtained. To

exclude oxygen non-stoichiometries as origin of the observed physical properties, selected pure

and substituted La2RuO5 samples were investigated by thermogravimetric measurements. Some

of the results were already reported in Ref. [Rie12d].

The relative weight changes for three La2RuO5 samples synthesized by different reaction routes

are depicted in Fig. 5.61. The sample notation refers to the applied Ru-agent as mentioned in

Sec. 2.1. Two distinct and well separated weight reduction steps of approximately 2% and 5%

are observed for all samples. The first reduction step is completed at roughly 550◦C and results

in a stable intermediate state, as already noticed by Benčan et al. [Ben05]. This new phase

was described by the sum formula La2RuO4.6 but despite of unit-cell parameters no structural

information was given. The own thermogravimetric measurements correspond rather to the sum

formula La2RuO4.5 and rather distinct deviations from the La2RuO5 crystal structure were found.

Since the structural investigations of this intermediate phase are not finished yet, it is not further

discussed here.
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Figure 5.61.: Relative weight changes for La2RuO5 samples synthesized by different reaction routes

and varying calcination times.
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Figure 5.62.: Relative weight changes for selected La2−xLnxRuO5 (left frame) and

La2−xPrxRu1−yMyO5 (M = Ti, Mn; right frame) samples.

The inflection point of the first step differs by roughly 50◦C for the three samples shown in

Fig. 5.61. This very likely is due to the different calcination time. The sample synthesized in a

sol-gel reaction using Ru-AcAc was calcinated 120 hours, the one with Ru-NOAc 96 hours, and

the solid-state reacted sample was heated for only 48 hours. Thus, an increased crystallinity might

reason the higher onset temperatures. In contrast, the second step is very similar for all three

samples and occurs in a narrow temperature range of roughly 620-680◦C. At 700◦C the reduction

is completed and the final weight loss is apparently identical for all three samples.

The obtained total weight losses of 6.64-6.70% are slightly smaller than the value of 6.9%

reported in Ref. [Ben05]. Assuming that La2RuO5 is decomposed to La2O3 and metallic Ru

during the reaction, a theoretical weight loss of 6.97% is calculated for two released oxygen atoms

(z = 2) according to the reaction:

La2RuO3+z + z ·H2 −→ La2O3 +Ru+ z ·H2O(↑) . (5.5)

From the experimentally found weight losses the oxygen content z was calculated using:

z =
(

1

1−Δm
−1

)
· Mf

M(O)
, (5.6)

where Δm denotes the measured relative weight loss determined in the temperature range 110◦C

to 755◦C, M(O) is the molecular mass of oxygen and Mf is the sum of the molecular masses

of the non-volatile products of the reaction (Eq. 5.5). The values determined for Δm and the

corresponding oxygen contents for all investigated samples are given in Tab. 5.11. For convenience
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5. Influence of Substitution on La2RuO5

Table 5.11.: Relative weight losses and oxygen contents of selected pure and substituted La2RuO5

samples. Estimated standard deviations are 0.05 for Δm and 0.03 for the oxygen contents/deficiencies.

Compound Δm (%) Oxygen content Oxygen deficit δ

La2RuO5 (solid state) 6.64 4.90 0.10

La2RuO5 (sol gel Ru-AcAc) 6.69 4.91 0.09

La2RuO5 (sol gel Ru-NOAc) 6.70 4.91 0.09

La1.75Pr0.25RuO5 6.85 4.93 0.07

La1.25Pr0.75RuO5 6.84 4.94 0.06

La1.5Nd0.5RuO5 6.70 4.93 0.07

La1.6Sm0.4RuO5 6.65 4.92 0.08

La1.7Gd0.3RuO5 6.53 4.89 0.11

La1.8Dy0.2RuO5 6.44 4.86 0.14

La2Ru0.75Mn0.25O5 6.07 4.94 0.06

La2Ru0.55Ti0.45O5 4.15 5.03 -0.03

La1.75Pr0.25Ru0.6Ti0.4O5 4.41 5.01 -0.01

also the (apparent) deficiencies δ = 5− (3+ z) are listed. It is striking that for all three samples of

La2RuO5 significant deficiencies in the range of δ ≈ 0.09 were found. Such high values cannot be

explained by instrumental errors. From experience a general reproducibilty of roughly 10 μg for

the single measurements can be estimated. Taking into account an additional uncertainty of 10-

20 μg for the baseline correction, a standard deviation of δ ±0.03 can be assumed for the oxygen

content [Ebb98, Goe06]. The values listed in Tab. 5.11 are well above the 2σ -limit for most of the

samples.

In the left frame of Fig. 5.62 the thermogravimetric results for selected rare-earth substituted

La2RuO5 compounds are shown. The lanthanide incorporation does not change the absolute shape

of the curves, i.e. the two steps are still observable. The relative weight losses change depending

on the atomic weight of the lanthanide and the substitution level. Due to the rare-earth substitution

a slightly modified reaction equation has to be used to calculate the oxygen content:

La2−xLnxRuO3+z + z ·H2 −→ (2− x) ·La2O3 + x ·Ln2O3 +Ru+ z ·H2O(↑) . (5.7)

The Mf used in Eq. 5.6 change according to the content of Ln2O3. The oxygen contents/deficiencies

for La2−xLnxRuO5 calculated using Eq. 5.6 are also listed in Tab. 5.11. The obtained deficiencies

determined from Δm between 110◦C and 755◦C range between 0.06 and 0.14 (Tab. 5.11) and are,

thus, significantly larger than the calculated error of ±0.03.

Furthermore, in the right frame of Fig. 5.62 the relative weight losses of selected samples sub-

stituted on the Ru-site by Ti and Mn (denoted as M) are depicted. The two weight-reduction steps

are also observable for these samples but are progressively shifted to higher temperatures with
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increasing substitution level y. This is known as shielding effect described in Ref. [Osw93]. In

addition, very obviously the relative weight losses are decreasing with increasing y. This can be

explained by the formed products of these compounds by the reaction. The incorporated Ti4+ ions

are not reduced at all, instead, reduction stable TiO2 remains after the reaction. Similarly, Mn is

not fully reduced from the +4 state to metal. In this reaction usually MnO is formed as reduc-

tion product corresponding to Mn2+ ions [Wur96]. Reasoned by this significantly lower weight

losses between 4.15% and 6.07% were obtained. For Ti- and Mn-substitutions Eq. 5.6 was further

modified to calculate the appropriate Mf :

La2Ru1−yTiyO3+2y+z + z ·H2(g)−→ La2O3 +(1− y) ·Ru+ y ·TiO2 + z ·H2O(↑) , (5.8)

La2Ru1−yMnyO3+y+z + z ·H2(g)−→ La2O3 +(1− y) ·Ru+ y ·MnO+ z ·H2O(↑) . (5.9)

The correspondingly used reaction for simultaneously Pr- and Ti-substituted samples is a hybrid

of Eq. 5.7 and Eq. 5.8, and, therefore, not given explicitly. Using Eq. 5.6 the oxygen content was

determined. The obtained values for δ of the Ti containing samples are given in Tab. 5.11. Sur-

prisingly, only for the Ti-substituted samples the values for δ are zero in the σ range indicating

the expected oxygen content of five oxygens per f.u.. For the Mn substituted sample still a sig-

nificantly larger oxygen deficiency of 0.06 was calculated. This might be explained by a trace of

remaining Mn(III)- or Mn(II)/Mn(III)-oxide after the reduction as described in Ref. [Wur96]. On

the other hand, this explanation is obviously not valid for the rare-earth substitution, which thus

has to be investigated in more detail.

The reduction products were examined by powder XRD. In Fig. 5.63a the pattern of La2RuO5

after the TG measurement is shown. All peaks can be identified as α-La2O3 and La(OH)3, which

is formed by the reaction of the hygroscopic La2O3 with the air moisture. Strikingly, the expected

Ru-metal was not detected for any of the samples. A similar finding was reported by Benčan et
al. [Ben05], where the Ru-metal was not observed in the XRD patterns either, but was identified

by selected area electron diffraction. These authors explained the absence of Ru-metal diffraction

peaks by very small particle sizes.

This interpretation is rather unlikely, because in other ruthenium oxides investigated, Ru-metal

could clearly be detected by XRD in the TG reaction products. In Fig. 5.63b the pattern of the

ruthenate NdSr3RuO7+δ after reduction (same reaction conditions as for La2RuO5) is shown as

one example. The Ru-metal reflections can be clearly identified. The other peaks can be explic-

itly ascribed to Nd2O3 and Sr(OH)2, which are the other expected TG reaction products for this

compound.

For the (substituted) La2RuO5 samples the oxidation states of Ru and the substituting elements

were determined by XANES investigations and magnetic susceptibility measurements. For Ru,

Ti, and Mn a valence of +4 was found. For selected Mn-substituted samples additional low-

temperature XAS investigations were carried out. No changes in the oxidation states of the in-

volved elements were observed. The calculated oxygen deficiencies according to Tab. 5.11 cor-

respond to oxidation states well below +4 for the transition metals, in clear contradiction to the
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Figure 5.63.: XRD patterns of a) La2RuO5 and b) NdSr3RuO7+δ after thermogravimetric measure-

ment in reducing atmosphere. a) The markers indicate the 2θ -values and intensities of La(OH)3 (PDF

036-1481) (red) and α-La2O3 (PDF 071-4953) (green). b) The red markers represent the 2θ -values

and intensities of Ru-metal (PDF 065-1863).

results of the XAS and magnetic measurements. Furthermore, neutron diffraction experiments

gave no indications for vacancies on the oxygen sites [Rie11, Ebb05]. The absence of Ru-metal

peaks in the XRD are a hint that this apparent contradiction might be caused by an incomplete

reaction.

To gain a better insight in the nature of the ruthenium-related reduction products, XAS mea-

surements at the Ru-LIII and Ru-K edges were carried out. XAS is highly element specific and not

restricted to crystalline samples. For these reasons (possibly amorphous) Ru compounds can be

investigated while by-products like Ln(OH)3 do not interfere.
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Figure 5.64.: Normalized Ru-LIII absorption spectra of reduced La1.25Pr0.75RuO5 (at 950◦C) and

La2RuO5 (at 1100◦C) in comparison with the references Ru-metal and RuO2.

The normalized XANES spectra at the Ru-LIII absorption edges are shown in Fig. 5.64. The so-

called “white line” observed at the Ru-LIII edge is caused by transitions form the 2P3/2 core state to

unoccupied states with predominatly 4d character. The intensity, fine structure and energy position

of the white line is affected by several parameters, like the number of available states (which

reflects the oxidation state), coordination geometry and hybridization of the Ru 4d orbitals with

ligand orbitals. The Ru-metal reference shows a single, broad absorption peak with a rather low

intensity. On the other hand, RuO2 provides the typical edge shape of ruthenium-based oxides with

two very intense white lines. These two white lines correspond to excitations into the 4d t2g and eg

levels of Ru in an octahedral oxygen coordination [Ebb01]. The same structure of the white lines

was also observed for the original (i.e. not reduced) La2RuO5 samples. The XANES spectra of the

reduced samples are clearly different from the one of ruthenium metal, indicating that the reduction

is not fully completed. It has to be noted, that the reduction products of other ruthenium oxides like

RuO2 show XANES spectra that are identical with the Ru-metal reference. Thus, the reduction

behavior of (substituted) La2RuO5 is obviously different from the one of other ruthenates. On

the other hand, the XANES spectra of the reduced La2RuO5 samples also show clear differences

compared to “normal” ruthenium-based oxides, see e.g. Refs. [Agu09, Ebb04, Ebb07, Goe05]. An

obvious difference is that only one intense peak is observed for the reduced samples. This peak

indicates the presence of some bonded oxygen, i.e. the hybridization of Ru 4d and O 2p orbitals,

but only in such small amounts that a splitting of the Ru-d orbitals into sets of different energy

does not occur. For the different samples the peak exhibits a different shape, which is strongly

depending on the type of the substitution and the final temperature of the TG measurement. The
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Figure 5.65.: Left frame: Normalized mRDF of the Ru-K absorption spectra of La2−xLnxRuO5 sam-

ples after TG reduction and of metallic Ru powder. Right frame: Fit of the first coordination shell of

the Ru-metal powder mRDF.

pure La2RuO5, which was reduced up to 1100◦C (dash dot dot line) and samples with Mn or Ti

incorporation show a narrower and smaller peak compared to the rare-earth substituted samples

(dashed line) and the La2RuO5 sample only reacted to 950◦C. The peak maxima of the Ru-metal

and the Mn- and Ti-substituted samples are in good agreement, whereas the maximum for the

other samples is slightly shifted to higher energies by roughly 0.1 eV indicating a small valence

shift effect. This is also a sign of traces of oxidized Ru remaining in the TG reacted samples.

From the Ru-LIII absorption spectra a quantitative analysis of a correlation between δ and the

peak intensity was impossible, therefore, additional Ru-K EXAFS spectra were recorded and an-

alyzed.

From the Ru-K absorption spectra of selected samples the corresponding mRDFs were obtained

by the Fourier-transformation of the k2-weighted EXAFS regions. They are depicted in the left

frame of Fig. 5.65 together with the Ru-metal reference. For better comparability the mRDFs

were normalized to the maximum of the main peak at roughly 2.2 Å. In the mRDF of the Ru-

metal four distinct peaks at approximately 2.2 Å, 3.5 Å, 4.3 Å, and 5 Å are observed. The shown

pattern is typical for metals with (cubic or hexagonal) closed packings. These four peaks were

also found for the reduction products of the (rare-earth substituted) La2RuO5 samples, indicating

that a reduction actually took place. Interestingly, for the reduced samples an additional peak at

approximately 1.5 Å was found. This additional peak at the left side of the most intense peak,

which corresponds to the first Ru coordination shell in the metal, was only found for the reduced

samples of La2RuO5-related compounds. The distance of 1.5 Å from the x-ray absorbing atom is

188



5.4. Thermogravimetric Analysis and Oxygen Stoichiometry

0 1 2

0.0

0.1

0.2

0.3

0.00 0.05 0.10
0.00

0.05

0.10

0.15

0.20

�������	
������

�������
�����

�������	
������

 

�

m
R

D
F 

(S
am

pl
e 

- R
u)

 (a
rb

. u
ni

ts
)

R � ����

������

���� 	������� ����

 R
es

id
ua

l p
ea

k 
ar

ea
 (a

rb
. u

ni
ts

)�

 

δ� �	��� � 

����!��� 	���	�"#�

Figure 5.66.: Left: Residuals of the Ru-K mRDF after subtraction of the fit of the first Ru coordination

shell. Right: Residual peak area vs. oxygen deficiency obtained from TG measurements. The dashed

line represents a linear regression.

typical for the ruthenium-oxygen bond-length taking into account that due to phase shifts during

the absorption/backscattering process the interatomic distances seen in the mRDFs are systemat-

ically too small. In fact, the same peak distance of roughly 1.5 Å was found for all ruthenium

oxides including e.g. La2RuO5 or RuO2, and is a clear proof that a small fraction of oxidized

ruthenium is preserved in the reduced samples after the TG treatment.

From Fig. 5.65 and Tab. 5.11 it is very obvious that the peak intensity correlates with the ob-

tained oxygen deficiency δ . For a quantitative analysis the peak areas were determined to study

this correlation in detail. For this the first coordination peak of the Ru-metal mRDF was fit to

obtain a smooth, well-defined reference curve, which can be subtracted from the other samples’

mRDFs. In this fit two Ru backscattering paths were used reflecting the two slightly distinct

nearest-neighbor sites of the hexagonal lattice. The corresponding amplitudes and phase shifts

were modelled by FEFF8. The distances of the shells amounted to 2.64(1) Å (Ru1) and 2.71(1) Å

(Ru2) with a fixed degeneracy of N = 6 for each backscattering path according to the hexagonal

crystal structure of Ru-metal. In addition, equal Debye-Waller factors σ2 = 0.0033(1) Å2 were

used. The excellent agreement of mRDF and fit is shown in the right frame of Fig. 5.11. The

fit curve was subtracted from the mRDFs of the reduced samples leading to the residuals mRDF

shown in the left frame of Fig. 5.66.

The Ru–O related peaks were integrated between the markers shown in the left frame of Fig. 5.66

to obtain numerical values for the peak intensities. The obtained values are drawn vs. the corre-

sponding oxygen deficits δ (from Tab. 5.11) in the right frame of Fig. 5.66. The Ru-metal sample
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5. Influence of Substitution on La2RuO5

was determined to have a zero peak area and δ = 0. As clearly visible in the right frame of

Fig. 5.66, the peak areas show a linear correlation to the (apparent) oxygen deficits as indicated by

the red dashed line, which represents a linear fit.

The correlation of δ and the Ru–O peak area illustratively reflects the incomplete reduction of

pure and rare-earth substituted La2RuO5 samples due to a remaining small fraction of oxidized

Ru. One might assume that the applied reduction temperature of 950◦C is not sufficient to obtain

a complete reduction. For this reason additional reductions on a Netzsch STA 409 up to a temper-

ature of 1100◦C were performed. Even at this much higher temperature the reduction remained

incomplete as deduced from the weight loss of 6.81% related to an (apparent) oxygen deficiency

of δ = 0.05. The fact that δ was found to be smaller than for the samples heated to only 950◦C

but neither an additional reduction step nor a slow continous weight loss were observed indicate

that the reduction process becomes very slow at temperatures above approximately 800◦C. Fur-

thermore, it can be seen from Fig. 5.66 that the reduction gradually proceeds to a higher degree

with increasing Ln-substitution level. One possible reason may be the structural stress induced by

the substitution.

The incomplete reduction of the investigated Ru-oxides is very unusual. It was found that the

observed additional peak in the mRDFs of the reduced samples can be ascribed to typical Ru–

O bond lengths for e.g. RuO2. The peak corresponding area is correlated to the oxygen deficit

obtained from the thermogravimetric measurements, which in turn means that the samples have

not been completely reduced by the TG treatment. Thus, the observed deviation of theoretical

and experimental oxygen content can be explained by these findings and the (apparent) oxygen

deficiencies amount to δ = 0 for the pure and rare-earth substituted La2RuO5. For the Ti- and Mn-

substituted samples also δ = 0 can be reasonably assumed with respect to the changed reduction

reactions and, hence, different oxidized but well-defined products.
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6. LnyCu3RuxTi4−xO12+δ

Besides the layered La2RuO5 a second group of oxides was investigated. These are based on a

2×2×2 superstructure of the perovskite ABO3 unit cell and is achieved by a cooperative rotation

of the BO6 octahedra around 〈111〉 corresponding to a threefold tilting according to a+a+a+ in

the Glazer notation [Gla72, Woo97a]. As a consequence, three quarters of the A-site show a

strongly deformed coordination changing the cuboctahedral symmetry to an almost square-planar

coordination with a changed notation A′. Due to this coordination the ions occupying the A′-
sites have to be Jahn-Teller active. On the B-sites usually 3d and 4d transition metals are found in

accordance with the perovskites. This results in a general sum formula AA′
3B4O12 for these oxides,

which crystallize in the space group Im3̄ (No. 204). The A-site corresponds to the Wyckoff-site

2a (relative coordinates: 0 0 0), the A′-site to 6b (0 1/2 1/2), the B-site to 8c (1/4 1/4 1/4), and the

oxygen-site to 24g (x y 0, where x is typically 0.18 and y is 0.31) [Hah05, Boc79]. This structure

type was first described for CaCu3Ti4O12 in Ref. [Des67]. The Jahn-Teller active A′-site cations

for this structure type are usually Cu2+ and Mn3+ [Vas07, Boc74, Boc79].

To illustrate the close relationship of the AA′
3B4O12 structure to the perovskite (see in detail in

Sec. 1) both are depicted in Fig. 6.1. On the left side (Fig. 6.1a) an arrangement of 2× 2× 2

(ideal) cubic-perovskite unit cells (e.g. SrTiO3) is depicted with green corner sharing BO6 oc-

tahedra and turquoise spheres as A-site cations. The unit cell is marked in the lower left corner

similar to Fig. 1.1. The cubic structure of AA′
3B4O12 is shown in Fig. 6.1b. The BO6 octahe-

dra are also green to emphasize the relationship, while the A-site and A′-site cations are colored

turquoise and brownish, respectively, to visually distinguish between both sites. To highlight the

A′O4 square plaquettes, several of them are marked by purple lines. It should be mentioned that

each octahedron is linked to six plaquettes, of which always the two opposing ones are oriented

the same way perpendicular to the three crystallographic axes. The open faced octahedron in the

top right of Fig. 6.1b illustrates the equivalent B–O bond lengths within the octahedra similar to

the perovskite, while the B–O–B angle deviates distinctly from 180◦ for the perovskite.

A remarkable number of compounds showing this specific crystal structure was synthesized

and reported [Vas07]. Furthermore, a rich variety of physical properties was found depending on

the used element composition. Similar to the perovskites already small substitutions can lead to

significant changes of the properties. This is due to the strong correlation of the electrons of the

A′- and B-site cations caused by B–O–B and A′–O–B exchange interactions, which mutually can

affect each other via the A′–O–B–O–A′ exchange path (colored yellow in Fig. 6.1b). Besides the

doping of only one site, a co-substitution on both sites A′ and B can be performed and usually

results in more complex correlation phenomena.

In this chapter several new or up to now rarely described compounds and their physical prop-
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a) b)

Figure 6.1.: a) Crystal structure of an ideal perovskite ABO3 in an arrangement of 2× 2× 2 unit

cells (One cell is marked in the lower left corner in accordance with Fig. 1.1) with the A-site ions

on the corners of the cells. The A-site ions are represented by large turquoise spheres, the oxygen

ions are drawn as red spheres, and the BO6 octahedra are colored green. The top right octahedron is

shown with transparent faces to illustrate the regular octahedral coordination of the green B-site ion

by grey B–O bonds. b) Crystal structure of AA′
3B4O12. The A-site ions are represented by turquoise

spheres like in a), while the A′-site ions are colored brownish. The top right octahedron is shown

with transparent faces and the grey B–O bonds. A possible superexchange path of two A′-sites via an

octahedral center (A′–O–B–O–A′) is illustrated by yellow bonds. For several A′ ions the square-planar

oxygen coordination is highlighted by purple lines.

erties are studied. The recently intensively investigated titanates of the CaCu3Ti4O12-type are

introduced regarding their crystal structure and physical properties. In addition, the results for the

compounds with substitution on the A-site using rare-earth elements are described. The results of

the crystal-structure analysis and magnetic properties are supported by UV-Vis spectroscopy and

electronic band-structure calculations.

The second part of the chapter contains the study of the B-site Ru substitution effects on the

titanates and the observed phase transitions. The composition was expected to strongly influence

the crystal structure as well as the physical properties in LnyCu3TixRu4−xO12. To further investi-

gate the relationship of structure and physical properties, the oxygen stoichiometry in combination

with XANES for the cation-valence determination was studied. DFT-calculations were performed

to support the experimental results.

6.1. ACu3Ti4O12

Recently, the members of the AA′
3B4O12 oxides with copper on the A′-site and titanium on the

B-site (ACu3Ti4O12) have been of high interest. These titanates exhibit very large values for

192



6.1. ACu3Ti4O12

the dielectric constant ε ′. The discovery of values above 104 for ε ′ in a frequency range up to

several MHz and between 100 K and 300 K was reported for CaCu3Ti4O12 and the rare-earth

substituted Ln2/3Cu3Ti4O12 (Ln = La, Pr, Nd, Sm - Yb) for example in Refs. [Sub00, Hom01,

Sub02, Kro10, Seb10]. The large permittivity depends strongly on the sample morphology and

on the quality of the electric contacts, which lead to the conclusion of several non-intrinsic effects

increasing ε ′. The two effects called surface barrier layer capacity (SBLC) and internal barrier

layer capacity (IBLC) were suggested to describe the experimental data. The SBLC can be caused

by the external contacting of the sample and, therefore, effects similar to a Schottky diode are

increasing ε ′. On the other hand, e.g. grain boundaries and twinning are reported as reasons for

the IBLC effects. Both capacity increasing effects are found in single crystals and polycrystalline

samples of CaCu3Ti4O12 and have been discussed in Ref. [Kro10].

6.1.1. Crystal Structure and Magnetic Properties

The titanates ACu3Ti4O12 synthesized for this work crystallize in the cubic space group Im3̄ and

provide a cell parameter of roughly 7.4 Å [Des67, Boc79]. Reference samples with divalent A-site

cations (Ca, Sr) were synthesized since their properties are well studied and reported in literature.

Charge neutrality is achieved assuming the typical valences +2 for Cu and +4 for Ti. These ref-

erences are required, since the substitution of the A-site by trivalent rare-earth metals (Y, La, Pr,

Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb) reduces the occupancy to 2/3 on this site and results in

the sum formula Ln2/3Cu3Ti4O12. In the same way the replacement with Ce4+ ions reduces the

occupancy of the A-site to 1/2, i.e. Ce1/2Cu3Ti4O12. The remaining unoccupied A-sites are treated

as vacancies and show no additional ordering which would lead to superstructural reflexes.

In Fig. 6.2 the Rietveld-refinement results of the x-ray diffraction patterns of CaCu3Ti4O12 (top),

SrCu3Ti4O12 (center), and Pr2/3Cu3Ti4O12 (bottom) are depicted. All figures display good agree-

ment of the measured data and the refinement. In addition, high crystallinity of the samples can

be estimated from the small FWHM of the reflex peaks. The result for Pr2/3Cu3Ti4O12 is shown

as a representative for the rare-earth substitutions. If observable, only small amounts of impurities

were detected for all samples. For example, a small fraction (≤ 1%) of SrTiO3 in SrCu3Ti4O12 was

already reported in Ref. [Sub02] and results from the thermodynamically preferred formation of

this phase at this temperature. Another typically found impurity is TiO2. For Ce1/2Cu3Ti4O12 and

Yb2/3Cu3Ti4O12 traces of the rare-earth oxides CeO2 and Yb2O3 can be observed, respectively.

Since only the element on the A-site is varied in the substitution, the a-axis length directly

depends on the ionic radii of the A-cations. This correlation is shown in Fig. 6.3 for all investigated

samples. The circles mark the values obtained from Rietveld analysis of the x-ray diffraction

data for the samples synthesized for this work. The red diamonds are the corresponding values

reported in literature for samples obtained from a similar synthesis method [Boc79]. A good

agreement of own and reported sample parameters is observed with deviations of less than 0.003 Å

except for Ce and Pr, where the literature data are roughly larger by 0.01 Å compared to the own

samples. The yellow downward pointing triangles indicate the corresponding A-cation size taken
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Figure 6.2.: Rietveld refinement results of the CaCu3Ti4O12 (top), SrCu3Ti4O12 (center), and

Pr2/3Cu3Ti4O12 (bottom) x-ray diffraction patterns.

from literature [Sha76] for equalized coordination numbers1. From the ionic radii and the a-axis

data the lanthanide contraction from La to Yb is observed. Ce is an exception, since its valence

amounts to +4 compared to the Ln3+ of the other compounds. This can be concluded by a closer

look on the Ce3+ ionic radius, which amounts to 1.196 Å (CN 9) and is lineary placed between

trivalent La and Pr. However, the observed value for a is significantly smaller than expected for

Ce2/3Cu3Ti4O12 with assumed trivalent Ce, which can be basically explained by tetravalent Ce.

SrCu3Ti4O12 provides the largest a-axis length of approximately 7.425 Å. The values for a of

1The majority of the data in Ref. [Sha76] are only given for ninefold coordinated ions (CN 9), however, in the

AA′
3B4O12 crystal structure the A-site is coordinated cuboctahedrally by twelve oxygens (CN 12). Therefore, the

data for CN 9 have been scaled to CN12 to obtain data for all used A-site ions. This is reasonable, since a compara-

bleness of the ionic size for all used elements is required to discuss the correlation with the obtained cell parameters.

194



6.1. ACu3Ti4O12

7.37

7.38

7.39

7.40

7.41

7.42

7.43

1.1

1.2

1.3

C
a S
r Y La C
e P
r

N
d

S
m E
u

G
d

Tb D
y

H
o E
r

Tm Yb

a�
��
�

Cell Parameters:
This work
[Boc79] 

ACu3Ti4O12

A = 

�
���

	

��
��
�
��
	�
�
��

���
��
�

Effective Ionic Radii: 
[Sha76]

Figure 6.3.: Comparison of the cell parameters a of the ACu3Ti4O12 samples from this work (circles)

and literature (open red diamonds). Effective ionic radii of the corresponding A-site cations are shown

as yellow downward pointing triangles.

CaCu3Ti4O12 and Sm2/3Cu3Ti4O12 are very similar, also the a axis lengths of Y2/3Cu3Ti4O12 and

Ho2/3Cu3Ti4O12 are mutually in good agreement as expected from the A-site ionic radii. The

obtained values for a of Pr2/3Cu3Ti4O12 and Ce1/2Cu3Ti4O12 are fitting better to the course of the

ionic radii than the data in Ref. [Boc79].

In Fig. 6.4 selected parameters of the AA′
3B4O12 crystal structure are displayed for a more de-

tailed analysis of the Rietveld refinement results. The Ln–O distance shown in Fig. 6.4a is almost

unaffected by the size of the A-site cation. It remains almost constant at roughly 2.59 Å, which is

comparable to CaCu3Ti4O12 with 2.6 Å [Sub02]. The constant Ln–O distance can be explained by

the concomitant increase of the relative x and y coordinates of the oxygen-site due to the observed

decrease of the a-axis.

The Ti–O–Ti bonding angle depicted in Fig. 6.4b is a measure of the octahedral tilting in the

crystal structure. For CaCu3Ti4O12 a value of approximately 141◦ was reported in Ref. [Sub02],

which is very close to the constant 141.2◦ found for the Ln2/3Cu3Ti4O12 samples. This constant

value for the ACu3Ti4O12 compounds should be kept in mind, because it affects the B–O–B ex-

change interaction as well as the electronic band structure.

In Fig. 6.4c the evolution of the Ti–O bond length in Ln2/3Cu3Ti4O12 is shown. The values

decrease linearly from approximately 1.965 Å for La to 1.954 Å for Tb and remain constant until

Yb. This behavior is unexpected since the Ti–O distances are assumed to be almost fixed and

not to be influenced by the unit-cell contraction caused by the A-site substitution. Furthermore,

the Cu–O bond length shown in Fig. 6.4d decreases almost linearly from 1.98 Å for La to ap-

proximately 1.965 Å for Yb. These Ti–O and Cu–O bond-length reductions can be explained by
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Figure 6.4.: Detailed structural data of the Ln2/3Cu3Ti4O12 samples. a) Ln–O distances, b) Ti–O–

Ti angles, c) Ti–O bond lengths, d) Cu–O bond lengths, e) Cu–O–Ti angles, and f) O–Cu–O angles.

Dashed red lines are drawn to guide the eye and particularly represent linear regressions.

the compression of interatomic distances to a minimum value caused by the unit-cell contraction.

For comparison, from literature [Bro85] the minimal distances obtained for BVS calculations of

ACu3Ti4O12 amount to 1.815 Å for Ti–O and significantly smaller 1.679 Å for Cu–O. Since the

achieved minimum for Ti–O is relatively close to this value this explains the constant value be-

tween Tb to Yb. However, the theoretical Cu–O bond is much shorter than the experimental,

which, in turn, reflects the ability of further decrease until Yb in this crystal structure.
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6.1. ACu3Ti4O12

Fig. 6.4e displays the obtained values for the Cu–O–Ti angle. Although the values are spreaded

significantly, the angles amount constantly to roughly 109◦. The O–Cu–O angle, which is a mea-

sure of the square planar geometry of the CuO4 plaquettes, is depicted in Fig. 6.4f. From this

it can be seen that the plaquettes are not perfectly shaped squares, since the angles deviate sig-

nificantly from 90◦. From La2/3Cu3Ti4O12 to Yb2/3Cu3Ti4O12 an almost linear decrease from

roughly 96.5◦ to 95◦ is found, which, in turn, yields an increasingly squared shaping with de-

creasing unit-cell volume. The described behavior of the detailed structural properties depending

on the A-site cation radii can be used to interpret the change of the physical properties of the

samples, since already small variations of the interatomic distances and angles strongly influ-

ence the cationic exchange interaction. Apart from this, the obtained interatomic distances of

Nd2/3Cu3Ti4O12 and Tb2/3Cu3Ti4O12 are in good agreement with data given in Ref. [Mul86] and

reveal the good comparability of the new and already reported data. A closing remark has to be

given on the scattering of the data points. This can be explained by performing structural analysis

based on XRD data, which are known for the rather low scattering intensity of the oxygen ions.

Nevertheless, the accuracy is absolutely sufficient for a qualitative analysis.

In addition, the temperature dependent magnetic susceptibilities of ACu3Ti4O12 compounds

were investigated. In the case of non-magnetic A-cations (A = Ca, Sr, Y, La) the susceptibility is

paramagnetic and shows an antiferromagnetic ordering at roughly 25 K (indicated by the vertical

red dashed line in Fig. 6.5a and b). The obtained magnetic moments from Curie-Weiss fits above

50 K are well in agreement with the calculated values from a spin-only approximation of the sum

of three Cu2+ ions with S = 1/2 due to the 3d9 electron configuration [Kro09, Kro10, Dit11].

The antiferromagnetic ordering of the Cu spin moments is clearly observed at TN ≈ 25 K. The

ordering was described as the alternating antiferromagnetic stacking of planes of ferromagnetically

coupled Cu moments along the crystallographic [111]-direction [Kim02]. The main exchange path

is presumed along Cu–O–Ti–O–Cu by results from linear spin-wave calculations [Kim02]. An

example for this path is indicated by the yellow bonds in the upper right corner of Fig. 6.1b.

According to the free-ion approximation, the magnetic moment carried by the rare-earth metal

ions in Ln2/3Cu3Ti4O12 varies strongly between almost zero for Eu3+ and roughly 10 μB for

Dy3+ [Lue99]. In the paramagnetic region a good agreement of experimental data and the Curie-

Weiss fit using the sum of the Cu and Ln moments from literature is achieved [Kro10]. The

Curie-Weiss temperatures obtained from the fit could also be described by a model of two weakly

interacting magnetic sublattices (Cu2+ and Ln3+) [Dit11, Kro10] similar to the rare-earth substi-

tuted La2RuO5 compounds described in Sec. 5.1.2. The varying Ln3+ specific moments strongly

influence the susceptibility curves illustrated in Fig. 6.5 for selected lanthanides. While in the

description of the very similar susceptibilities of SrCu3Ti4O12 and La2/3Cu3Ti4O12 only Cu is

required, the adding of an additional intermediate moment like, for example Yb3+ (4.536 μB),

shifts χ significantly. This shift increases for large moments of e.g. Gd3+ (7.937 μB). The sus-

ceptibility of Gd2/3Cu3Ti4O12 becomes that strongly dominated by the rare-earth moment that the

anomaly of the AFM ordering of Cu cannot be observed. Thus, the magnetic properties of the

Ln2/3Cu3Ti4O12 compounds were distributed into three groups depending on the value of the A-

site cation magnetic moment [Dit11, Kro10]. In the first one the weakly or non-magnetic cations
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Figure 6.5.: a) Magnetic susceptibilities χ of selected ACu3Ti4O12 samples (A = Sr, La, Gd, Yb)

corrected by the paramagnetic contribution of the rare-earth metal ions. b) The corresponding inverse

susceptibilities 1/χ . The vertical dashed red line marks the Néel temperature of the antiferromagnetic

Cu2+ spin-moment ordering, for details see text.

Ca, Sr, Y, La, Sm, and Eu are grouped. They show the Cu dominated χ and a clearly visible kink

at TN. The second group contains the lanthanides with intermediate magnetic moment between

roughly 3.5 μB and 4.5 μB, in detail Pr, Nd, and Yb. For these compounds the AFM ordering

could hardly be observed in χ , but it is observable in 1/χ at roughly 25 K. In the susceptibilities

of the third group with lanthanides possessing large magnetic moments like Gd, Tb, Dy, Ho, Er,

and Tm (≈ 7.5 μB to ≈ 10.6 μB) the AFM Cu ordering in both χ and 1/χ is apparently covered.
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6.1. ACu3Ti4O12

This vanishing of the transition anomaly in Ln2/3Cu3Ti4O12 motivated a more detailed investi-

gation of the antiferromagnetic Cu ordering. It either is suppressed by the large magnetic moments

of the rare-earth metal ions, or the effect is simply hidden in the susceptibility curve due to the

strongly dominating lanthanide moments. Therefore, electron spin resonance (ESR) spectroscopy

was performed investigating the Cu2+ moment [Dit11]. It was shown that the antiferromagnetic

ordering is preserved for all samples and the rare-earth metal ions yield an almost undisturbed

paramagnetic behavior over the whole temperature range. With respect to this finding the rare-

earth contribution was subtracted from the experimental susceptibilites similar to the rare-earth

substituted La2RuO5 (Sec. 5.1.2.1). The resulting susceptibilities for Gd and Yb are shown in

Fig. 6.5. They are very similar to the ones with non-magnetic A-site cations and, more interest-

ingly, they reveal the expected anomaly at TN. The strong increase of χ at very low temperatures

can be ascribed to impurities, not ordering Cu spins, and, if present, magnetic moments of the

lanthanide ions. The deviating slope of Gd2/3Cu3Ti4O12 can maybe be explained by the electronic

correlation of Cu and Gd, which reduce the Cu spin moment by increasing spin-obit coupling.

The observed behavior exhibits the strong influence of the crystal structure on this ordering phe-

nomena, since the simultaneous decrease of Ti–O and Cu–O bond length along with the constant

Cu–O–Ti angle are the only relevant parameters for the AFM ordering of the Cu2+ moments,

while the magnetic moment of the lanthanides almost do not matter.

The rather large variety of the A-cation size and, linked to this, of the unit-cell parameter values

(see Fig. 6.3) motivated the synthesis of ACu3Ti4O12 compounds with a mixed A-site occupation.

Polycrystalline samples were successfully synthesized and neither yield two separate phases nor

a cationic ordering and, therefore, a resulting superstructure. In the top frame of Fig. 6.6 the

cell-parameter data of (La1−xPrx)2/3Cu3Ti4O12 are depicted which are obtained from the Rietveld

analysis of XRD measurements. The parameter x describes the fraction of Pr substituting La on

the A2/3-site. The linear decrease of the cell parameter is in excellent agreement with Vegard’s

law for the occupancy variation of two differently sized ions on one crystallographic site [Veg21].

For similar reasons the mixture of Ca and a lanthanide ion on the A-site was investigated. To

preserve charge neutrality the fraction of Ln3+ was multiplied with 2/3. The corresponding cell-

parameter evolution for (Ln2/3·(1−x)Cax)Cu3Ti4O12 is depicted in the bottom frame of Fig. 6.6 and

x is the fraction of Ca on the A-site. The selected trivalent rare-earth metal ions either possess a

larger ionic radius (Pr3+), a similar radius (Sm3+), or a smaller radius (Dy3+) compared to Ca2+.

The partly substitution of Ca by La was reported by Shao et al. [Sha07], however, there the La

substitution was assumed to replace Cu, which is unreasonable due to the distinct difference of the

ionic radii of Cu2+ and La3+. The cell parameters of our samples obey Vegard’s law and show a

linear dependency on x (bottom frame of Fig. 6.6). This available mixture of two differently sized

cations on the A-site proves the stability of the initial Cu3Ti4O12 crystal structure, which can be

described simply to “breathe” depending on the A-site cationic size. The structure is even stable

with completely vacant A-sites, which was reported for Cu3Ti2Ta2O12 and Cu2+xTa4O12+δ . This

is possible due to the (partial) replacement of the tetravalent Ti by pentavalent Ta ions to preserve

the charge neutrality [Ebb10].
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Figure 6.6.: Cell-parameter data of (La1−xPrx)2/3Cu3Ti4O12 (top frame) and

(Ln2/3·(1−x)Cax)Cu3Ti4O12 (bottom frame) obtained from Rietveld analysis of x-ray diffraction

measurements.

6.1.2. Single-Crystal Structure

Single crystals of La2/3Cu3Ti4O12 were obtained from a CuO flux reaction (see Sec. 2.1.4) and

investigated by single-crystal x-ray diffraction utilizing a P21 diffractometer (Syntex) with Mo-

Kα radiation. Shape of the black crystal is a truncated pyramid. For the absorption correction

the crystal faces were indexed and both the indices and corresponding measures were added to

the input file for the refinement. The detailed parameters of the measurement, given in Tab. A.7

in the appendix, reveal the high refinement quality characterized by the low residuals and well

equilibrated remaining electron density. To summarize, the obtained data are very similar to the

CaCu3Ti4O12 single crystals described in Refs. [Hom01, Kro07], as expected.

The cell parameter a amounts to 7.4361 Å, which is significantly larger by 0.02 Å than the value

obtained from the Rietveld analysis of the polycrystalline sample (≈ 7.416 Å). A small deviation

of several mÅ is normal and can be explained by the different synthesis conditions and the lower

accuracy of the unit-cell parameters of the single-crystal measurement data. Nevertheless, the
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Figure 6.7.: Detail of the crystal structure of single crystalline La2/3Cu3Ti4O12 (La: blue, Cu: brown,

O: red, Ti: green ellipsoid). One octant of the AA′
3B4O12 structure corresponding to a perovskite unit

cell is shown to illustrate specific structural features. The central TiO6 octahedron is marked by the

grey Ti–O bonds. To exemplify their orientation and connection to the octahedra, three of the six

coordinating CuO4 plaquettes are shown. The anisotropic displacement ellipsoids are drawn with 90%

probability.

found difference may result from additional copper ions incorporated on the A-site due to the used

flux and long reaction duration. This is reasonable since the occupation factor refines to a slightly

larger value than the expected formal 2/3. The atomic coordinates and displacement factors are

listed in Tabs. A.9 and A.10. The values are very similar to the results of the Rietveld analysis of

the polycrystalline sample. Furthermore, the characteristic interatomic distances and angles listed

in Tab. 6.1 are in rather good agreement with the results for the polycrystalline La2/3Cu3Ti4O12,

which are shown above in Fig. 6.4.

To illustrate specific parts of the crystal structure of La2/3Cu3Ti4O12, one representative octant

vaguely corresponding to a perovskite unit cell is depicted in Fig. 6.7. Three of the six CuO4 pla-

quettes connected to the TiO6 octahedra are shown, one example for each orientation perpendicular

to the unit-cell axes. Each two opposing plaquettes on the corners of the octant align parallel to

each other. While the blue La ions display almost isotropic displacement factors the brown Cu

ions provide a preferred oscillation direction perpendicular to the plaquette plane (marked by grey

Cu–O bonds and dashed purple lines), which is indicated by the correspondingly elongated ellip-

soids. The green Ti ions also show slightly deformed ellipsoids, which are elongated along the

space diagonal [111]. The TiO6 octahedron (grey Ti–O bonds) only indicates a slight rotation,

since the red oxygen ellipsoids preferrably are elongated perpendicular to the Cu–O–Ti bonds.
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Table 6.1.: Interatomic distances (in Å) and angles for the La2/3Cu3Ti4O12 and SrCu3Ru4O12 single

crystals.

La2/3Cu3Ti4O12 SrCu3Ru4O12

Ti–O 1.9698(4) Ru–O 1.9897(10)

Cu–O 1.9847(9) Cu–O 1.9322(27)

La–O 2.6272(10) Sr–O 2.6426(28)

Ti–O–Ti 141.38(5)◦ Ru–O–Ru 138.46(5)◦

O–Cu–O 94.77(5)◦ O–Cu–O 94.93(5)◦

Ti–O–Cu 109.02(5)◦ Ru–O–Cu 110.49(5)◦

The quality of the crystal-structure refinement is high since absolute values of the displacements

are relatively small and provide reasonable thermal oscillation movements in agreement with the

crystal structure.

Besides the titanate cubic SrCu3Ru4O12 single crystals with typical edge lengths of roughly

0.08 mm were obtained from a similar flux reaction. The single crystal x-ray diffraction measure-

ment was performed with a STOE IPDS 2 diffractometer (Mo-Kα radiation). The cubic crystal

shape was studied by a scanning electron microscope (SEM) and is shown in Fig. 6.8. The crys-

tal faces can be indexed in agreement with the {100} planes as expected for the cubic crystal

structure. Small pores or holes are observed on the surface resulting from the flux-removing pro-

cess using diluted hydrochloric acid. This porous surface explains the lower refinement quality

compared to the La2/3Cu3Ti4O12 crystal. Due to the resulting inhomogeneous crystal density the

simple absorption correction using the crystal shape and face indexing is overestimating the ab-

sorption and therefore not accurately correcting the reflex intensities. The detailed parameters of

the measurement are listed in Tab. A.8 in the appendix.

The cell parameter a amounts to 7.4418 Å, which is only slightly larger than the value found for

single crystalline La2/3Cu3Ti4O12 although the replacement of Ti by Ru is expected to stronger

increase the unit-cell volume. The atomic coordinates and displacement factors shown in Tabs. A.9

and A.10 provide similar values compared to the La2/3Cu3Ti4O12 crystal. The x-coordinate for the

oxygen site for SrCu3Ru4O12 is slightly smaller with a value of 0.1755 whereas the y-coordinate

is slightly increased to 0.3088 indicating the small changes of the octahedra tilting angle caused

by Ru incorporation.

By comparing the interatomic distances of SrCu3Ru4O12 with the ones of La2/3Cu3Ti4O12

(Tab. 6.1), the Ru–O distance is expectedly larger than for Ti–O by approximately 0.02 Å due

to the slightly larger Ru ion. On the other hand, the Cu–O bond length in SrCu3Ru4O12 is dis-

tinctly reduced to compensate the growth of the octahedra volume, since the O–Cu–O angles of

the CuO4 plaquettes remain constant for both samples. The Ru–O–Cu angle is slightly increased

by roughly 1.5◦ compared to the corresponding Ti–O–Cu angle, which could be indication for a

varying magnetic exchange of Cu and Ru simply caused by the structural changes. Further physi-

cal properties have not yet been investigated on the single crystals. Nevertheless it can be expected
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Figure 6.8.: SEM image of a SrCu3Ru4O12 cubic single crystal.

that measurements depending on the crystallographic direction will yield isotropic results due to

the cubic symmetry, however, for example, electric conductivity measurements are assumed to be

more accurate, since grain boundary caused effects can be neglected.

The shown data are in good agreement with the structural data reported for NdCu3Ru4O12 single

crystals grown from a Cu/Cu2O flux [Mul86]. The interatomic distances of NdCu3Ru4O12 are very

similar to the corresponding ones listed in Tab. 6.1 for SrCu3Ru4O12. A more detailed study of

the Ru containing AA′
3B4O12 compounds is presented below in Sec. 6.2.

6.1.3. UV-Vis Spectroscopy

The ACu3Ti4O12 samples are colored orange-brownish indicating a significantly large band gap.

This observation is supported by the low electrical conductivity measured for the samples stud-

ied by dielectric spectroscopy [Kro10]. The conductivity behaves typically for a semiconducting

material close to an insulator, i.e. the band gap is expected to be in the range of roughly 3 eV.

The band gap was determined from the absorption-edge position measured by diffuse-reflectance

spectroscopy in a range 250 nm ≤ λ ≤ 1000 nm using a UV-Vis-IR spectrometer (Lambda 19 by

Perkin Elmer). For the UV range a deuterium lamp is used in combination with a tungsten lamp

(showing the radiation maximum in the visible and near infrared wavelength range) to cover the

whole wavelength range. The samples or the white standard (LiF) were prepared in a circular

depression with approximately 2 mm diameter on the sample holder. Samples were mixed with an

equivalent amount of white standard. This leads to a constant background, which was subtracted
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Figure 6.9.: Left: Kubelka-Munk function f(R) calculated from experimental reflectance of polycrys-

talline La2/3Cu3Ti4O12. Right: Determination of the direct band gap Eg,direct from [f(R)×E]2 by a

linear fit marked by the red dashed line.

from the measured spectra. The spectra yielded a large absorption edge as a consequence of the

band gap as well as several additional small edge like features at higher wavelengths, which are

neglected in the following.

The wavelength λ was transformed to an energy scale according to E = hc/λ (h: Planck’s

constant, c: speed of light). Using the experimental reflectances (R) the Kubelka-Munk functions

were calculated according to f(R) = (1-R)2/(2R) [Kub31]. The result is shown in the left frame

of Fig. 6.9 for La2/3Cu3Ti4O12, which is similar to the result in Ref. [Cla11] for CaCu3Ti4O12.

To determine the gap energy, f(R) was weighted according to [f(R)×E]r, which can be used for

displaying a direct gap for r = 2 or an indirect gap for r = 1/2 [Loc07, Cla11]. The existence of

both a direct and an indirect gap with similar values is reasoned by the obtained band structure

discussed in Sec. 6.1.4, where the bands close to EF are relatively flat. In the right frame of

Fig. 6.9 [f(R)×E]2 is shown for the energy range between 1.5 and 3 eV and the linear increase

above 2.2 eV indicates the direct gap. A linear fit drawn as the solid red line is used to determine

Eg,direct from the intersection point with the E-axis. The obtained value amounts to approximately

2.06 eV for Eg,direct of La2/3Cu3Ti4O12. For CaCu3Ti4O12 2.01 eV is obtained, which is slightly

smaller than 2.21 eV reported by Clark et al. [Cla11]. The indirect gap was reported to be 1.93 eV

(Eg,indirect) [Cla11], which is significantly larger than the obtained average (1.2± 0.2) eV for the

ACu3Ti4O12 samples. This is reasoned by the small available linear regime for the fit when r = 1/2

is used to weight the Kubelka-Munk function. Therefore, the indirect gap is not further considered
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Figure 6.10.: Comparison of the Eg,direct values (circles) and the corresponding A-site cation size

(yellow triangles) of ACu3Ti4O12.

in the investigation at this point.

Different values for Eg,direct were reported previously for CaCu3Ti4O12. Homes et al. [Hom03]

determined the optical gap to a value larger than 1.5 eV, while Ning et al. [Nin08] found 2.88 eV

from a measurement of a thin film prepared on a LaAlO3 substrate in transmission mode. The

values of the direct gaps of all investigated ACu3Ti4O12 samples amount to 1.96eV ≤ Eg,direct ≤
2.15 eV, which is in the range of the literature data and fits nicely to the observed orange-brownish

color of the powder samples. In Fig. 6.10 the Eg,direct values (circles) of all investigated ACu3Ti4O12

samples are shown in comparison with the A-site cationic size (yellow triangles), which is corre-

lated to the unit-cell parameter a (see Fig. 6.3). From this figure it can be carefully assumed that

the band-gap value is linked to the A-site ion radii, which is reasonable, since the interatomic dis-

tances Ti–O and Cu–O are also correlating with this size. As was mentioned above (Sec. 5.1.4)

shorter bond-lengths cause the broadening of the electronic bands [Hof88], which may result in a

change of the band gap. Due to the very similar optical properties also the electronic structure for

all ACu3Ti4O12 samples can be considered similar. In combination with the only slightly varying

crystal structures similar physical properties are expected, as already reported, for example, in

Refs. [Kro10, Seb10, Dit11].

6.1.4. DFT Calculation

Using DFT calculations it is possible to directly compare the different ACu3Ti4O12 compounds

with one consistent method. While for CaCu3Ti4O12 the results of several electronic band-structure

calculations using different functionals for the treatment of the electron density were reported in

literature, for SrCu3Ti4O12 and La2/3Cu3Ti4O12 this is not the case. Basic ab initio LDA and
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Figure 6.11.: Electronic band structure of CaCu3Ti4O12 calculated with FPLO applying LSDA. The

solid lines mark the bands of the spin-up channel, which is congruent with the spin-down channel due

to the antiferromagnetic result. The horizontal solid red marks the Fermi energy.

LSDA calculations for CaCu3Ti4O12 were performed in Ref. [He02, He03, Fag05], GGA was

used in Ref. [Li05, Shi07], and from Hückel crystal-orbital overlap-population (COOP) models

the DOS was derived in Ref. [Mat06]. The results of various methods LDA, LSDA+U and GGA

were compared by Zheng et al. [Zhe10], who also reported on the nanoscale disorder effects in

detail concerning the Ca and Cu site and the resulting change of the electronic band structure. The

most sophisticated LSDA+U calculation results were reported by Clark et al. in combination with

diffuse-reflectance measurements [Cla11]. These calculations based all on crystal-structure data

obtained from Rietveld analysis results of powder XRD data, which reasoned to use the obtained

own structure data for the DFT calculations of the titanates.

For this work the LSDA model was used for the band-structure modelling of CaCu3Ti4O12,

SrCu3Ti4O12, and a hypothetical LaCu3Ti4O12 using the FPLO code. Similar to the DFT-LSDA

calculations of La2RuO5 (Sec. 4.5) the symmetry was reduced to P1 to vary single initial spin-

moments of the atoms in the lattice. Initially the results for the original cubic Im3̄ and the

transformed triclinic P1 symmetry were compared and were found to agree well. In reciprocal

space 4× 4× 4 k points were chosen for the calculation similar to the literature. The La-site in

LaCu3Ti4O12 was set fully occupied, since it was not possible to obtain reasonable results simulat-

ing a 2/3rd occupied site with a coherent-potential approximation (CPA) due to the large difference

of the “atom” chemical properties, i.e. La and empty site [Koe97].
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Figure 6.12.: Density of states of CaCu3Ti4O12 calculated with FPLO applying LSDA (top frame:

spin-up channel, bottom frame: spin-down channel).

The spin-polarized modelling was used since the Cu spin moments order antiferromagnetically

below roughly 25 K in all three compounds, which was shown above in Sec. 6.1.1 by magnetic

susceptibility data. The obtained band structure yields semiconducting property in accordance

with the experimental results (Sec. 6.1.3), which are indicating a significant band gap of approx-

imately 2 eV. In Fig. 6.11 the obtained electronic band structure of CaCu3Ti4O12 using LSDA is

depicted. The resulting bands for the spin-up and the spin-down channel are identical, which is

expected for a completely antiferromagnetically ordered compound. The valence band below EF

is rather broad with roughly 6 eV and consists mainly of Cu 3d and O 2p bands. Slightly above EF

a narrow region containing empty Cu 3d and O 2p bands is observed and roughly between 1.5 eV

and 3 eV the unoccupied Ti 3d and O 2p bands forming the conduction band are found.

The obtained CaCu3Ti4O12 band structure is in good agreement with literature for DFT calcula-

tions using similar density functionals [He02, Fag05]. The resulting DOS is depicted in Fig. 6.12

for both spin channels indicated by the arrows. An antiferromagnetic arrangement was used for

the initial spin orientations of the Cu atoms, which refined to the shown symmetrical DOS. The

region between -6 eV and EF consists of hybridized Cu 3d and O 2p states and some additionally

mixing Ti 3d orbitals. The narrow contribution above EF in Fig. 6.12 stems from antibinding Cu

3dxy orbitals which geometrically form direct σ -bondings to the oxygens in the CuO4 plaquettes.
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Figure 6.13.: Comparison of total DOS (spin-up channel) of CaCu3Ti4O12 (top), SrCu3Ti4O12 (cen-

ter), and LaCu3Ti4O12 (bottom) calculated with FPLO.

This reflects the strongly localized character of the Cu 3d electrons in these titanates. The DOS

between roughly 1.5 eV and 3 eV only contains the unoccupied Ti 3d and O 2p orbitals similar to

the region above 4 eV. The Ca, Sr, and La contributions are found well above 4 eV, respectively.

From the k-space band plot in Fig. 6.11 two different band gaps were obtained similar to the

UV-Vis spectroscopy experiments, a direct gap of Eg,direct ≈ 0.25 eV (at A) and an indirect gap

of Eg,indirect ≈ 0.19 eV (between A and B) were determined. These values are comparable to the

reported ones for calcuations applying LSDA [He02, Fag05, Zhe10]. For GGA a value of roughly
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0.51 eV for the indirect gap and 0.58 eV for the direct gap were described [Li05]. Applying the

GGA method the general band structure is preserved, only the narrow region in the DOS with

the Cu 3dxy orbital contribution is slightly shifted upwards in energy. The introduction of an

Cu onsite repulsion Hubbard-U (≈ 6 eV) to the LSDA leads to a further pushing of those bands

close to the Ti 3d bands at roughly 2 eV above EF. By this the band gap energies are shifted to

Eg,direct ≈ 2 eV in agreement with the UV-vis spectroscopy data and results of DFT calculations in

Refs. [Zhe10, Cla11].

Since the absorption edges are very similar for all investigated ACu3Ti4O12 samples, only minor

deviations of the band structure were expected for those compounds. This was already shown for

isostructural CdCu3Ti4O12 by LSDA calculations [He03]. Therefore, the band stucture modelling

was performed applying LSDA for SrCu3Ti4O12 and LaCu3Ti4O12. The obtained total DOS is

shown in Fig. 6.13 for all three compounds with A = Ca, Sr, La from top to bottom. SrCu3Ti4O12

provides a DOS structure very similar to CaCu3Ti4O12 and, thus, the band-gap values are only

slightly increased: Eg,direct ≈ 0.32 eV, Eg,indirect ≈ 0.23 eV. This fits to the results from the UV-Vis

spectroscopy (Sec. 6.1.3), where also the size of the gap depends on the A-site ionic radius. For

LaCu3Ti4O12 the DOS appears to be shifted by roughly 0.5 eV downwards in energy while the

shape is in general preserved, except the La 4 f bands appearing at approximately 4 eV. Due to

the additional electron caused by the changed stoichiometry for the calculation the Fermi-level is

shifted to higher energy and, by this, the contribution of Cu 3dxy slides below the Fermi energy.

With respect to this artifical shift, the sample color and the UV-vis spectroscopy data, which are

rather similar for all ACu3Ti4O12 samples, a similar gap can be expected and is actually observed

in the band structure (Fig. 6.13). The gap values amount to Eg,direct ≈ 0.11 eV and Eg,indirect ≈
0.07 eV, which is distinctly smaller than the band gaps for CaCu3Ti4O12 and SrCu3Ti4O12 due to

the artificial shifts caused by the formal excess electron.

From the DFT calculations very similar values of the Cu spin moments and valences were ob-

tained for CaCu3Ti4O12 and SrCu3Ti4O12. For both the Cu moment amounted to SCu =±0.50(1),

which is in excellent agreement with the 3d9 configuration of Cu2+. In addition, a small spin mo-

ment was also found for oxygen SO = ±0.06(1), which indicates the magnetic exchange interac-

tion via the oxygen ions in the crystal structure. In contrast, Ca, Sr, and Ti do not carry a significant

residual magnetic moment as can be expected for their electron configuration deduced from their

corresponding valences. For LaCu3Ti4O12 a smaller value was obtained SCu = ±0.38(1), which

can be explained by the formally varied La-site occupancy.

The compliant results of the DFT calculations using the same model for the ACu3Ti4O12 com-

pounds corroborate the almost identical experimental results. Therefore, the DFT calculations

based on experimental crystal-structure data and magnetic properties are reliable and will be used

for the investigation of the properties of the Ru substituted LnyCu3RuxTi4−xO12 compounds (Ln =

La, Pr, Nd, Sm) in the following sections.
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6.2. B-site Substitution Influence in LnyCu3RuxTi4−xO12+δ

In the previous section the influence of the A-site substitution on the crystal structure and the re-

sulting changes of the physical properties were discussed for the ACu3Ti4O12 compounds. More

promising is the substitution of the non-magnetic Ti by Ru on the B-site to investigate the influence

on the crystal structure, the electronic system, and the resulting changes of the magnetic proper-

ties. As metioned above, the titanates provide an insulating behavior in combination with large

dielectric constants ε . The magnetic behavior is determined by the localized valence electrons

of the Cu2+ ions, showing a paramagnetic behavior until roughly 25 K followed by an antiferro-

magnetic ordering (see Sec. 6.1.1). On the other hand, the pure ruthenates ACu3Ru4O12 (A = Na,

Ca, Sr, Cd, La, Pr, Nd [Lab80]) possess a metallic conductivity and yield an almost temperature-

independent magnetic susceptibility, which was explained by typical Pauli paramagnetism of the

itinerant electrons in metallic compounds. In addition, properties which are typical for “heavy

fermion compounds” were observed in the specific heat and by resonance-spectroscopical meth-

ods. This is unusual since heavy fermions are more typically observed for compounds containing

4 f or 5 f elements (e.g. Ce and U). The ACu3Ru4O12 compounds are rare examples with heavy d
electrons, and moreover exhibit a non Fermi liquid behavior at low temperatures [Kob04, Kri09].

This outstanding variety of physical properties in the same system with only varying B-site cation

occupancies reasoned the study of the change of physical properties by mixing Ti and Ru on the

octahedrally coordinated site.

Although the possibility of a full substitution in the system CaCu3RuxTi4−xO12 was reported in

literature [Ram04], it was not possible to obtain single phase samples for the range 1.5 < x < 4.

This was also reported in Refs. [Kob04, Tsu09]. Alternatively, the same Ru substitution was tested

for Sr instead of Ca on the A-site to study the influence of the A-cation radius. In literature with A
= Sr only the pure titanate or the pure ruthenate compound was described [Sub02, Boc79, Lab80].

Nevertheless, the partly substitution of the titanate with Ru and vice versa failed, which can be

explained reasonably by the Sr2+ ion radius. The mixture of the two slightly differently sized Ti4+

and Ru4+ on the B-site causes major structural stress, which is probably too high to be stabilized

by the too large Sr ion. Thus, only the compounds with homogeneous B-site occupation are

available for Sr. In contrast, the Ca2+ ion is probably too small, which causes in turn the observed

miscibility gap 1.5 < x < 4.

Considering these assumptions on the size of the A-site, trivalent rare-earth metal ions were

taken into account for the occupation, because their size ranges between Ca2+ and Sr2+. Similar

to Ca2+ and Sr2+, La3+ does not provide an additional magnetic moment to the system due to

the absence of unpaired electrons and an empty f shell. On the other hand, the trivalent La with

its increased positive valence is expected to influence the electronic structure by correspondingly

changing the valences of Cu and Ru. Due to the stable 3d0 electronic state of the Ti4+ ions it can

be expected that these remain tetravalent. Therefore, the oxygen content and in turn the valences

of the B-site cations were studied and based on these results the physical properties are interpreted.

Single phase samples of LaCu3RuxTi4−xO12 for the complete x range between 0 and 4 were pre-

pared for this work according to the synthesis reported in Refs. [Ram04, Ebb06, Ebb10, Bue10]
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and in detail in Sec. 2.1.1. Furthermore, using the A-site cations Pr and Nd [Mul86] samples for

the complete x-range were synthesized. In addition, for Sm it was possible to obtain samples up

to x = 0.5 in accordance with Ref. [Ter10], where compounds were reported for various rare-earth

elements (Y, La, Nd, Sm, Gd, Dy, Ho, Er) and a Ru substitution level of x = 0.4. Due to the 3+

valence of the rare-earth metal ion, the samples with x ≤ 1/3 had to be prepared with an A-site

deficiency. As described above, in the titanates 1/3 of the A-sites remain unoccupied leading to

the sum formula Ln2/3Cu3Ti4O12. The increase of x was compensated by the same amount of y
according to y = 2/3+ x (for x ≤ 1/3). Thus, starting with the compounds LnCu3Ru0.33Ti3.67O12

(x = 0.33) the fully occupied A-site was kept until x = 4. To indicate these complex rules the

samples were in general denoted as LnyCu3RuxTi4−xO12, where y marks the (deficient) A-site

occupancy.

6.2.1. Crystal Structure

The crystal structure of the LnyCu3RuxTi4−xO12 samples remains very similar over the whole

substitution range since all samples crystallize in space group Im3̄ (No. 204).

In Fig. 6.14 the measured patterns and the results of the Rietveld refinement are depicted for the

three examples LaCu3Ru0.33Ti3.67O12 (top), LaCu3Ru2.25Ti1.75O12 (center), and LaCu3Ru4O12

(bottom). The corresponding diffraction pattern of the pure titanate is shown above in Fig. 6.2

in Sec. 6.1. A very good agreement of experimental data and the Rietveld-refinement curves was

achieved for all samples and in very few cases neglibible traces (≤ 0.5 %) of TiO2 impurities were

detected, which in turn proves the high purity of the synthesized samples.

The unit-cell parameters a obtained from Rietveld analysis of the x-ray diffraction patterns are

depicted in Fig. 6.15 as a function of the Ru-substitution level x. The data for LnyCu3RuxTi4−xO12

(Ln = La, Pr, Nd, Sm) are shown using different colors and symbols. Starting from the titanates the

cell parameter a sharply increases by roughly 0.03 Å for increasing x until Ln1Cu3Ru0.33Ti3.67O12

due to the simultaneous increase of the A-site occupancy y. Since then the A-site is fully occupied,

the slope in the substitution range 0.33 ≤ x ≤ 4 of the still linearly increasing a becomes smaller,

which is explained by the pure Ru substitution in this range. The Ru4+ ions possess a slightly

larger ionic radius compared to Ti4+ (see Sec. 5.2.1.1), providing the linear increase in agreement

with Vegard’s law. The solid lines are added to the figure to guide the eye.

The general evolution of the cell parameter is very similar for all substitution series, only the

varying size of the A-site cation (Pr, Nd, Sm) causes a constant shift. Therefore, the slopes are

identical for the corresponding substitution ranges and the shift is in accordance with the A-site

ion size similar to the pure titanates as shown in Fig. 6.3. In addition, the obtained values for the

pure ruthenates are in good agreement with literature data [Lab80]. The values for the samples

with A = Sm are shown for completeness (empty circles) although no further investigations are

considered in this work.

The changes of the cell parameter reported by Ramirez et al. [Ram04] for LayCu3RuxTi4−xO12

are strongly deviating from the data obtained for the own samples. A significant difference of

0.01 Å was reported for the samples, which can be explained by the fact that the calcination time
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Figure 6.14.: Rietveld-refinement results of the LaCu3Ru0.33Ti3.67O12 (top), LaCu3Ru2.25Ti1.75O12

(center), LaCu3Ru4O12 (bottom) x-ray diffraction patterns.

was only half as long as for our own samples. On the other hand, the cell-parameter values for

NdyCu3RuxTi4−xO12 by Muller et al. [Mul86] are in very good agreement with the results of the

Rietveld analysis of the own samples.

The detailed structural properties were also determined to study a possible correlation with the

physical-property changes. Similar to the investigations carried out for the rare-earth substituted

titanates in Fig. 6.16a the A–O distances are shown. The values are slightly decreasing with x
indicating the concomitant decrease of the A-site coordination sphere with the growing volume of

the BO6-octahedra. This shows a higher compressibility of the A–O bonds compared to the B–O

bonds and corroborates the breathing effect of the AA′
3B4O12 structure caused by the A-site cation

size described in the section above.
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Figure 6.15.: Cell parameter a of LnyCu3RuxTi4−xO12 (Ln = La, Pr, Nd, Sm) obtained from Rietveld

analysis of x-ray diffraction patterns. The solid lines are drawn to guide the eyes.

The magnitude of octahedral tilting is characterized by the B–O–B angle, which is shown de-

noted as Ru–O–Ru in Fig. 6.16b. Below x= 0.5 the angle decreases linearly by approximately 1.2◦

due to the distinct increase of a for the same region in x. Above x = 0.5 the decrease is slower but

still linear until 139.5◦ is reached for x = 4, which is comparable to the value of roughly 138.5◦ for

single crystalline SrCu3Ru4O12. A decrease of the Ru–O–Ru angle leads in general to a reduction

of the antiferromagnetic superexchange interaction according to Anderson, Kanamori, and Good-

enough [And59, Kan59, Goo63]. The behavior of the Ru–O–Ru as well as the Ru–O–Cu angles

is used to interprete the changes of the physical properties obtained for the LayCu3RuxTi4−xO12

compounds.

Very similar to the change of a the B–O distance varies as a function of the substitution level,

which is depicted in Fig. 6.16c. The bond length increases from 1.96 Å by roughly 0.02 Å for

x ≈ 0.33 and further increases to approximately 1.99 Å for x = 4. This evolution is reasonable

because of the slightly larger ionic radius of Ru4+ compared to Ti4+. The value for the Ru–

O distance in the pure ruthenate is comparable to other compounds containing RuO6 octahedra

including La2RuO5 and SrCu3Ru4O12. The A-site substitution is a further cause for the varying

B–O distance, especially below x = 0.33. It has to be mentioned that the observed decrease of the

Ti–O bond length in the A-site substituted Ln2/3Cu3Ti4O12 is correlated with the size of the A-site

cation (Sec. 6.1.1). Here this effect is especially observable for the Nd substituted samples, since

they yield in general slightly shorter B–O distances compared to the rather similar values of La-

213



6. LnyCu3RuxTi4−xO12+δ

2.50

2.55

2.60

2.65

2.70

2.75

�

 
��

��
��
�	


�
��

�
���

�
Ln

y
Cu

3
Ru

x
Ti

4-x
O

12

a)

 La
 Pr
 Nd

138

140

142

��
��

�

��
��

��

��
��

�

�

 

b)

1.96

1.98

2.00
�

 

�
��
��
�	


�
�
��

���

� c)

1.94

1.96

1.98

2.00

��
��
��
�	


�
�
��

���

�

�

 

d)

0 1 2 3 4
108.5

109.0

109.5

110.0

110.5

111.0

�

 

�
��

�

��
��

��

��
��

�

�

Substitution level x

e)

0 1 2 3 4
90

92

94

96

98

��
��

�

�

��
��

���


�
�

 

�

f)

Figure 6.16.: Detailed structural data of the LnyCu3RuxTi4−xO12 (Ln = La, Pr, Nd, Sm) samples. a)

Ln–O distances, b) Ru–O–Ru angles, c) Ru–O bond lengths, d) Cu–O bond lengths, e) Cu–O–Ru

angles, and f) O–Cu–O angles. Dashed blue lines are drawn to guide the eye.

and Pr-substituted samples.

In contrast, the Cu–O distances decrease linearly below x= 0.33 by roughly 0.02 Å (Fig. 6.16d).

Above this substitution level they remain almost constant, because this value possibly is the mini-

mal Cu–O distance for these compounds. The lower limit of 1.963 Å agrees well with the minimal

value obtained for the Ln2/3Cu3Ti4O12 sample with the smallest used rare-earth element Yb.

The exchange interaction between the B- and A′-site cations is clearly influenced by the Cu–O–

B angle, which is shown in Fig. 6.16e. According to the filling of the A-site the angle increases

linearly by approximately 1◦ from the titanate to x = 0.33. For higher substitution levels with fully
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occupied A-sites the angle seems to remain constant at 109.5◦ due to the large observed scattering

of the data points.

The square-planar coordination of Cu is also slightly changing during the Ru substitution, which

is possibly influencing the localized character of the Cu electrons. In Fig. 6.16f the evolution of

this angle is shown and provides an unusual behavior. While for the pure titanates the O–Cu–O

angle amounts to roughly 96◦, it drastically drops to 91◦ at x = 0.1 and increases again similar

to a to approximately 96◦ for the pure ruthenates. Furthermore, for this parameter a quite clear

dependence on the size of the lanthanide ion can be observed. The overall behavior is similar for

La and Pr, while for Nd the change is less pronounced.

For the parameters depicted in Fig. 6.16c to f in general a similar behavior depending on the

substitution level is observed. Below roughly x = 0.5 a steeper slope for the parameter change is

found compared to the region 0.5 ≤ x ≤ 4. This can be explained by the simultaneously changing

cell parameter a, which follows the substitution on the A- and B-site as was shown above. Due to

the weak scattering of the oxygen ions in x-ray diffraction data the standard deviations of the of the

atomic coordinates are quite large. Therefore, for some parameters the error bars are apparently

larger than the changes shown in Fig. 6.16, however, from the data a general evolution still can be

derived and discussed.

In general, the rather similar behavior of the crystallographic changes are directly linked to the

evolution of the unit-cell parameter and the increasing averaged size of the B-site cation (merged

Ru4+ and Ti4+ radius according to the occupancy). The absence of sharp step-like transitions leads

to the conclusion that the combination of the smoothly changing parameters is causing the physical

property changes at certain threshold values with increasing Ru substitution level. Therefore,

rather broad transition regimes depending on x should be expected.

6.2.2. EXAFS Results for PrCu3Ru4O12

The EXAFS measurements of PrCu3Ru4O12 at the Ru-K and Cu-K edge are discussed in this

section as an example and for completion of the data in Ref. [Ebb02]. The local geometry of the

A′- and the B-site in the AA′
3B4O12 crystal structure is obviously different, which is demonstrated

in Fig. 6.17a for B = Ru and 6.17b for A′ = Cu. This difference is also evident in the EXAFS

spectra and can be used to study the details of the structural properties. The sample was measured

at the beamline X1 at HASYLAB. With a k3 weighting oscillations are observable up to 20 Å−1

at the Ru-K edge as shown in Fig. 2.10.

In Fig. 6.18 the mRDF (solid black line) and the result of the EXAFS fit of the Ru-K absorption

edge (red dashed line) are depicted. Four peaks are clearly identified up to roughly 5 Å. The first

one at roughly 1.7 Å is ascribed to the six oxygens in octahedral coordination and the second one

at approximately 3 Å represents the A- and A′-site cation neighbors Cu and Pr, which have a total

number of eight. The third peak at roughly 3.5 Å corresponds to the six next neighboring (nn) Ru

and the fourth one is assigned to the twelve next nearest neighboring (nnn) Ru ions in a distance of

5 Å. These different coordination shells are shown for a single Ru-atom in Fig. 6.17. The refined

fit parameters are listed in Tab. 6.2. The data are in good agreement with earlier data for A = Na,
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a) b)

Figure 6.17.: Local coordination of a) Ru and b) Cu in PrCu3Ru4O12. The Ru atoms are represented

by green spheres, oxygen by small red spheres, copper atoms are drawn blue, and Pr atoms turquoise.

The circles mark the corresponding coordination shells in the same color used in figures 6.18 and 6.20.

The closest oxygens are linked to the central atom (Ru or Cu) by yellow bonds.
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Figure 6.18.: Experimental data and fit results of k3-weighted Ru-K mRDF of PrCu3Ru4O12. The

single contributions of the scattering paths in Tab. 6.2 are shifted downwards by 0.05 and colored

individually for better comparability.

Ca, Sr, La, Nd [Ebb02], completing the list of lanthanide based ACu3Ru4O12 compounds. The

distances of the coordination shells to the central Ru are very similar to the structural data obtained
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Table 6.2.: Ru-K EXAFS fit results for polycrystalline PrCu3Ru4O12. The model from Ref. [Ebb02]

was used and a residual of 8.94 % was achieved. A k3 weighting was applied. The E0 shift was

-0.83(8) eV and S2
0 amounted to 0.806(5).

Coordination N N (theo) R (Å) σ2 (Å2)

Ru–O 6.18(3) 6 1.994(1) 0.0032(1)

Ru–Cu 6.43(7) 6 3.229(1) 0.0040(2)

Ru–Pr 1.56(7) 2 3.229(1) 0.0058(4)

Ru–Ru (nn) 5.88(3) 6 3.737(1) 0.0037(3)

Ru–Ru (nnn) 11.81(9) 12 5.282(1) 0.0048(4)
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Figure 6.19.: Comparison of the interatomic distances from Ru-K EXAFS fits for ACu3Ru4O12. Data

for A = La and Nd are taken from Ref. [Ebb02]. The parallel dashed lines are guides to the eye.

by the Rietveld analysis of XRD data (see Sec. 6.2.1). The Debye-Waller factors refine to slightly

larger values than referred in literature, which can be explained by the smaller measured k-range

leading to slightly broadened peaks in the mRDF. The refined coordination numbers N agree well

with the expected ones N(theo), the deviations are in the same range as reported in Ref. [Ebb02].

To illustrate the contribution of the single coordination shells, the separate peaks are depicted in

Fig. 6.18. Multiple scattering paths were not included in the Ru-K EXAFS modelling since a

Ru–O–Ru angle of approximately 140◦ strongly decreases their intensity [Ebb02].

To illustrate the good agreement of the EXAFS fit results with the data given by Ebbinghaus

et al. [Ebb02], the refined distances of the used backscattering shells for ACu3Ru4O12 (A = La,

Pr, Nd) are shown in Fig. 6.19. Due to the direct relation of the distances to the ionic radii of the

A-site cations, these are used for the ordinate scaling of the data for the corresponding rare-earth
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Figure 6.20.: Experimental data and fit results of k3-weighted Cu-K mRDF of PrCu3Ru4O12. The

single contributions of the scattering paths in Tab. 6.3 are shifted downwards by 0.05 and colored

individually for better comparability.

element. The parallel dashed lines indicate a similar decrease of the interatomic distances with

decreasing A-site ion radius similar to the titanates.

In the right part of Fig. 6.17 the corresponding coordination of Cu in the ACu3B4O12 structure is

shown for distances up to 4 Å. Further coordination shells are not considered since they contain a

large number of atoms and by this would severely reduce clarity. Thereby the expected difference

of the coordination compared to Ru is clearly visible. The coordination of the Jahn-Teller active

Cu2+ ions gives rise to three separate oxygen shells, each containing four atoms.

The mRDF obtained from the Cu-K EXAFS spectra is depicted in Fig. 6.20 (solid black line).

Peaks reflecting the corresponding shells can be clearly identified up to roughly 6 Å. The peaks at

roughly 1.7 Å and 2.3 Å reflect the two closest oxygen spheres. The intense peak at approximately

3 Å corresponds to the eight Ru neighbors plus the third oxygen coordination sphere and the

shoulder on the right side reflects the nearest Cu/Pr sphere. The further peaks are identified as

next nearest neighboring shells of oxygen (R ≈ 4 Å), Cu/Pr (R ≈ 5 Å), and Ru (R ≈ 6 Å) (not

shown in Fig. 6.17).

The fit result of the Cu-K EXAFS is shown in Fig. 6.20 as dashed red line. It shows a good

agreement with the experimental data. It has to be noted that although the fit contains a large num-

ber of coordination shells, it is possible to model the Cu-K EXAFS data up to the comparably large

distance of 6 Å. Furthermore, it has to be mentioned that the fit only considers single scattering

paths and also neglects oxygen coordination shells above 4.7 Å due to their weak backscattered
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Table 6.3.: Cu-K EXAFS fit results for polycrystalline PrCu3Ru4O12. A residual of 10.50 % was

achieved. A k3-weighting was applied. The E0 shift was 12.63(3) eV and S2
0 amounted to 0.889(4).

Coordination N N (theo) R (Å) σ2 (Å2)

Cu–O 3.91(3) 4 1.966(1) 0.0067(1)

Cu–O 3.37(7) 4 2.815(1) 0.0098(3)

Cu–Ru 7.65(4) 8 3.249(1) 0.0061(1)

Cu–O 4(fixed) 4 3.438(1) 0.0135(15)

Cu–Cu 3.55(6) 4 3.783(1) 0.0106(1)

Cu–Pr 2.45(6) 2 3.783(1) 0.0106(1)

Cu–O 9.20(14) 8 4.248(1) 0.0046(2)

Cu–O 4.61(34) 8 4.665(1) 0.0124(13)

Cu–Cu 8.21(11) 8 5.088(1) 0.0083(1)

Cu–Pr 7.78(11) 4 5.088(1) 0.0083(1)

Cu–Ru 23.70(15) 24 6.233(1) 0.0070(1)

intensity. The Cu–Pr–Cu or Cu–Cu–Cu angles amount to 180◦ in certain crystallographic direc-

tions and multiple scattering maybe influences the data at larger distances, where in contrary the

backscattered intensity is very low unless a magnifying effect is observed [Teo81]. Since these ef-

fects were not detected by unproportionally increased intensities in the mRDF, they were neglected

in the fit. Again, the contributions of the single backscattering paths are shown in Fig. 6.20 shifted

downwards by 0.05 and colored according to Fig. 6.17.

The obtained parameters for the Cu-K edge fit are listed in Tab. 6.3. The distances are in good

agreement with the data from the XRD analysis and the Debye-Waller factors σ2 are comparable

to the Ru-K EXAFS fit. Nevertheless, several parameters had to be constrained to obtain a stable

fitting result. The distances of the Cu and Pr backscattering paths were set equal due to crystal-

lographic relations. The degeneracy N of the third oxygen coordination shell had to be fixed to 4

because of the dominating contribution of the next-neighbor Ru backscattering intensity. Finally,

the sum of Cu and Pr coordination number was fixed to six corresponding to the crystal structure.

The resulting degeneracy values for the oxygen shells at R= 3.438 Å and R= 4.665 Å are strongly

deviating from the theoretical values 8, which is caused by the weak backscattered intensity. Thus,

the coordination numbers for these shells are meaningless. However, the distance to the central

atom and the Debye-Waller factors refined to stable and reasonable values.

The fit of the EXAFS data with the used simplified and constrained structural models shows

the possibility of gaining additional information on the crystal structure like bond lengths and

coordination. At least the high accuracy of the fit parameters for the closer neighboring atoms

allows the investigation of possible oxygen vacancies and the distribution of elements on one

crystallographic site. The latter is based on the high element-specific character of the XAS data.
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Figure 6.21.: Relative sample-weight curves from thermogravimetric measurements of

LayCu3RuxTi4−xO12+δ for selected x. The horizontal dashed lines mark the theoretical weight

after the reduction considering tetravalent Ru and divalent Cu.

6.2.3. Oxygen Stoichiometry and Cation Valences

Physical properties like electrical conductivity, superconductivity, and magnetism react very sen-

sitively on the oxygen content and, in turn, the cation valences in the samples. To be able to

reasonably discuss the observed variation of the investigated properties, the accurate determina-

tion of both parameters is required.

The oxygen content was obtained by thermogravimetric measurements under reducing con-

ditions. The measured weight reduction of the samples during heating in reducing atmosphere

is used to calculate the oxygen content, for which a deviation is denoted δ in the sum formula

LnyCu3RuxTi4−xO12+δ . The late (noble) transition-metal cations of Cu and Ru are commonly

reduced to the metals completely. On the other hand, La3+ and Ti4+ are stable under reducing

conditions up to the maximum temperature of 950 ◦C used for the measurements. Thus, after

the TG measurement the oxides La2O3 and TiO2 are remaining besides the metals, which was

confirmed by powder XRD.

In Fig. 6.21 the obtained relative weight changes are depicted for selected substution levels.

The observed weight-reduction step is located at different temperatures depending on x. Above

approximately 700 ◦C the reaction is completed for all samples visible by the constant value up

to the maximum temperature. For the titanate a steep decrease is observed at roughly 375 ◦C
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Figure 6.22.: Experimental weight loss of LayCu3RuxTi4−xO12+δ from TG measurement (symbols)

and linear interpolation (solid line). The dashed line marks the theoretical weight loss considering

constant Ru4+ and Cu2+ valence.

continuing slowly until 700 ◦C. Upon Ru substitution the reduction step becomes much smoother

for x = 0.5 and its inflection point is shifted by roughly 150 ◦C to higher temperature, which is an

unexpected behavior since it is contradictory to the shielding effect for the ruthenates substituted

with Ti [Osw93]. By further increasing Ru content the weight reduction increases correspondingly

and the temperature of the reduction step is almost linearly shifted to lower temperatures (300 ◦C).

This behavior, on the other hand, is in agreement with the decreasing shielding effect with respect

to the lower Ti incorporation. The TG data for the pure ruthenate LaCu3Ru4O12+δ were taken from

literature [Ebb02]. It has to be mentioned that the absence of clearly separated steps indicates

the simultaneous reduction of Cu and Ru. The horizontal dashed lines in Fig. 6.21 mark the

expected final relative weight after the reduction. Especially for low Ru concentrations significant

deviations can be observed, which are indicated by the arrows.

To illustrate the unexpected deviations in Fig. 6.21 the relative weight-loss values are depicted as

red circles in Fig. 6.22 as a function of the substitution level. The experimental data are increasing

linearly with x, which is marked by the red solid line resulting from a linear regression. The

value for Δm was determined as the difference between 50◦C and 900◦C. An error of ±0.06%

can be estimated as standard deviation. For comparison the theoretical weight loss was calculated

221



6. LnyCu3RuxTi4−xO12+δ

2.835 2.840 2.845 2.850
0

1

2

3

4

5

6
pV2

 

 
N

or
m

. a
bs

or
pt

io
n 

(a
rb

. u
ni

ts
)

E (keV)

Ru-LIII

 x = 0.1
 x = 0.5
 x = 1.0
 x = 2.0
 x = 3.0
 x = 3.5
 x = 4.0

LayCu3RuxTi4-xO12+�

pV1

Figure 6.23.: Normalized Ru-LIII edge XANES spectra of LaCu3RuxTi4−xO12 for selected substitu-

tion levels x. The dashed vertical lines mark the maxima positions of the two pseudo-Voigt peaks of

the edge fit for RuO2 as Ru4+ reference.

assuming constant Cu2+ and Ru4+ valences according to:

LnyCu3RuxTi4−xO12+δ −→ y/2Ln2O3+(4−x)TiO2+3Cu+xRu+(4+2x+δ −1.5y)O(↑) .
(6.1)

The calculated Δm assuming δ = 0 are drawn as dashed line in Fig. 6.22. The deviation between

the experimental and the calculated data is usually denoted as excess or deficit (depending on the

sign) oxygen content δ . In this case a large value of apparent excess oxygen is observable for

low Ru substitution levels, since the expected values are significantly smaller than the measured

data. In addition, the strongly varying shape of the two curves is unusual, because the kink in the

black curve caused by the changing occupation of the Ln-site for x ≤ 0.33 does not appear for

the measured weight-loss values. The difference between both curves would lead to unreasonable

oxygen excesses of more than 0.7 per formula unit.

In order to investigate the found oxygen stoichiometry more critically, the Ru and Cu valence

was determined by XANES. Assuming a constant 2+ valence for the Cu ions the Ru valence

is forced to reduce from +3.75 for LnCu3Ru4O12 to +3 for LnCu3RuTi3O12 to preserve charge

neutrality. However, for even lower Ru content the Ru valence has to decrease to almost a metallic
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Figure 6.24.: Left: Fit of the energy position of the first pseudo-Voigt peak in the Ru-LIII absorption

spectra of Ru reference oxides according to Eq. 6.2. Right: Ru valence of LnyCu3RuxTi4−xO12+δ .

state for x = 0.1, which is highly unlikely. Furthermore, a constant Ru valence close to +4 was

reported in Refs. [Ebb06, Ebb10].

The normalized spectra of the Ru-LIII absorption edges are depicted in Fig. 6.23. Two white

lines indicating the transition from the 2p3/2 level into the 4d states can be seen. They are

splitted by the octahedral crystal field and can be fit utilizing two pseudo-Voigt functions. Ob-

viously the shape of the edge changes from two sharp and distinct peaks to a smoother shape

of two strongly overlapping broad peaks. However, all spectra were fit and the results for the

LaCu3RuxTi4−xO12 samples (and selected samples with Ln = Pr) are shown in Fig. 6.24. In the

left frame the absorption-energy positions obtained for the first pseudo-Voigt peak of the reference

ruthenium oxides are displayed. The valence of a sample can be determined from an equation ac-

cording to a linear fit:

EpV1(keV) = 2.8353+0.0011 · (nominal Ru valence) , (6.2)

similar to the one shown in Ref. [Ebb01]. The valence shift of the edge energy amounts to 1.1 eV

per integer step in oxidation state for Ru between 3+ and 5+. The error range of the energy

determination amounts to ±0.2 eV, which corresponds to a valence error of ±0.18. This is accurate

enough to obtain the oxidation state for the samples. The Ru valences calculated with Eq. 6.2

using the energy of the maximum of the first pseudo-Voigt peak are depicted in the right frame of

Fig. 6.24. The solid horizontal line marks the energy of the +4 oxidation state. From this figure it
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Figure 6.25.: Ru-K edge XANES spectra of LnCu3RuxTi4−xO12+δ for the three investigated A-site

rare-earth elements: La (top), Pr (center), Nd (bottom).

can be concluded that tetravalent Ru is present in all LnyCu3RuxTi4−xO12+δ samples in agreement

with Refs. [Ebb06, Ebb10].

To corroborate this finding, XANES measurements were also performed at the Ru-K absorption

edge. Due to the higher energy (≈ 22.1 keV) of the radiation and the therefore increased transmis-

sion it was possible to measure the absorption spectra of the samples and the Ru-metal reference

simultaneously. Thus, a highly reliable energy calibration was possible for each spectrum. The

normalized spectra of the Ru-K edge of selected LnyCu3RuxTi4−xO12 are shown in Fig. 6.25. To

increase the comparability, the spectra for Ln = Pr and Nd were shifted vertically. The general

shape is similar to the Ru-LIII edge showing two distinct peaks. However, the distance in energy

between the peak maxima is in comparison much larger and, therefore, these do not directly reflect

the transitions to the 4d eg and t2g like orbitals. The spectra grouped for one rare-earth element
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Figure 6.26.: Ru valence of LnyCu3RuxTi4−xO12+δ from Ru-K edge XANES spectra.

are very similar and significant deviations caused by the increasing Ru concentration cannot be

observed. The A-site substitution does not remarkably influence the shape of the XANES spectra

either.

As usual for the K-edges the inflection point of the absorption edge was determined as the first

maximum in the first derivative (see Sec. 2.3.1). In Fig. 6.26 the obtained edge energies are shown

depending on the nominal oxidation state. The empty circles correspond to the edge energies of

the same reference oxides, as used for the LIII-edge calibration. The observed valence shift is

linear (≈ 1.9 eV per oxidation state) as marked by the diagonal solid line and follows the relation.

ERu−K(keV) = 22.1219+0.0019 · (nominal Ru valence) (6.3)

The dashed lines indicate the error range. The edge energies of the LnyCu3RuxTi4−xO12+δ samples

are shown with respect to the calculated valence assuming a constant Cu2+ oxidation state. In

agreement with the LIII-edge results the ruthenium oxidation state remains constantly +4 for all

samples.

In contrast to the Ru-K edge, the Cu-K edge spectra show a visible dependency on the substi-

tution level. The spectra depicted in Fig. 6.27 are equidistantly shifted to increase clarity. For

La2/3Cu3Ti4O12 a well detailed and sharp structure of the absorption edge is visible, which is re-

maining almost unchanged up to x = 2.0. A small pre-edge feature denoted P is visible as well as
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Figure 6.27.: Normalized Cu-K edge XANES spectra of LaCu3RuxTi4−xO12+δ for selected substitu-

tion levels x in steps of 0.5. The spectra were shifted by 0.1 to increase clarity.

four distinct peak-like structures denoted A to D. Starting with the spectrum of LaCu3Ru2.5Ti1.5O12

these peaks become significantly broader and the shape of the absorption edge of the pure ruthen-

ate becomes much smoother.

The derivative of the Cu-K edge spectra is shown in Fig. 6.28 to study in detail the evolution

of the relevant peak for the valence determination. The small pre-edge feature of the excitation

into the 3d10L
¯

hole state decreases slightly with increasing x. This is reflecting the reducing num-

ber of holes due to a possibly decreasing average valence. In addition to this pre-edge feature,

four distinct peaks are observable, which correspond to the transition into the 4s and 4p levels

[Kos89, Pan91, Cho94, Wu96]. In agreement with the softening of the absorption-edge shape in

Fig. 6.28 the peaks are broadening and their maximum is decreasing upon increasing Ru substitu-

tion. More interestingly, only the maxima of the first peak corresponding to the 4s and part of the

4pπ excitations are affected. The energy shift is observed in combination with a decreasing shape
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Figure 6.28.: Derivative of the normalized Cu-K edge XANES spectra of LaCu3RuxTi4−xO12+δ for

selected substitution levels x.

asymmetry. Above x = 2 the peak is symmetric indicating an increasing overlap of the orbitals in

general.

For the accurate determination of the oxidation state by the valence shift a similar coordination

of the central cation in the references is required. In addition, the coordinating anions have to be

of the same element as in the sample, otherwise the occurring chemical shift of the absorption-

edge energy would strongly overlap the investigated valence shift. This entanglement makes it

very complicated to obtain a reasonable valence behavior of the cations when both valence and

chemical shift have to be considered. In this case, Cu is in all samples surrounded by oxygen

only. In LnyCu3RuxTi4−xO12+δ the coordination is almost square planar in contrast to the most

reference oxides, where copper is usually octahedrally coordinated by oxygen. Due to this spe-

cific coordination simple oxides like Cu2O (Cu1+) and CuO (Cu2+) are not suitable for the direct

comparison of the edge energies. However, the relative shift of the absorption edge caused by

the changing valence is taken into account, since the effect of varying Cu–O bond lengths on the

edge energy as a reason for the shift can be ruled out due to the comparable distances in CuO and

LnyCu3RuxTi4−xO12+δ [Pan91].

Resulting from these considerations CaCu3Ti4O12 and SrCu3Ti4O12 were used as references,

because the Cu valence of +2 can be very reasonably assumed as derived from charge neutrality

and magnetic properties (see Tab. 6.4). The edge energies of these two compounds and the pure
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Table 6.4.: Cu-K XANES absorption-edge energies of selected samples and references.

Compound Cu-K edge (keV) Literature value (keV) Reference

Cu2O (Cu1+) 8.98041(10) 8.9804(1) [Hsu03, Wan05, Bij11]

CuO (Cu2+) 8.98355(10) 8.9837(2) [Hsu03, Wan05, Bij11]

CaCu3Ti4O12 (Cu2+) 8.98592(10)

SrCu3Ti4O12 (Cu2+) 8.98607(10)

Y2/3Cu3Ti4O12 (Cu2+) 8.98604(10)

La2/3Cu3Ti4O12 (Cu2+) 8.98607(10)

Pr2/3Cu3Ti4O12 (Cu2+) 8.98617(10)

Nd2/3Cu3Ti4O12 (Cu2+) 8.98612(10)

Gd2/3Cu3Ti4O12 (Cu2+) 8.98595(10)

titanate samples Ln2/3Cu3Ti4O12 (Ln = La, Pr, Nd) are in good agreement, which justifies the

assumption of divalent copper in the pure titanates with A = Ln. The obtained edge energies for

LnyCu3RuxTi4−xO12+δ are depicted as a function of the Ru-substitution level in Fig. 6.29. It can

be seen that the edge energies linearly decrease from the pure titanates to the pure ruthenates with

increasing x.

To determine the absolute valences of the Ru-substituted samples the difference of the absorp-
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tion edge energies of Cu2O and CuO was used as reference. The difference amounts to roughly

3.1 eV, which is in good agreement with the average difference of 3.3 eV reported in literature (see

Tab. 6.4). From the linear regression in Fig. 6.29 a decrease of the edge energy of ΔE ≈ 1.3 eV

between x = 0 and x = 4 is obtained, which corresponds to a Cu valence of approximately +1.6 for

the pure ruthenates (ΔE/[E(CuO)−E(Cu2O)] = 1.3/3.1 ≈ 0.42). This in turn can be expressed

by the variation of the Cu valence by 0.1 per integer value of x upon substitution.

The oxidation state is an average value, which could be explained by the existence of a statistical

distribution of mono- and divalent Cu ions in the samples. However, in Fig. 6.28 the presence of

only a single peak at the absorption-edge energy shows that all Cu ions possess the same average

valence.

To verify the decreasing Cu valence with increasing Ru substitution, the theoretical oxidation

state was calculated from the TG weight loss based on Eq. 6.1 assuming fixed tetravalent Ru and

δ = 0. The obtained valences per Cu ion are depicted in Fig. 6.30. The solid red line marks the

oxidation state resulting from the energy shift of the Cu-K absorption edge. The TG data and the

linear fit are in good agreement except of the samples with low Ru substitution level x ≤ 0.25

which show a slightly higher valence than expected. This can either be explained by a small

oxygen excess or more probably by a small additional off-stoichiometric amount of Cu in the

sample, which is incorporated on the unoccupied A-sites due to the sample preparation using a

CuO flux. The latter reason is corroborated by the fact that from the structure analysis of single

and polycrystalline samples of the pure titanates a slightly higher A-site occupancy than 2/3 was

received. The good complementarity of the results again shows that the combination of TG and

XAS is very useful to study basic material properties similar to the investigations on La2RuO5

described in Sec. 5.4 and Ref. [Rie12c].

The found average shift of the valence for all Cu ions is in contrast to the observation for ther-

mally quenched isostructural Cu2+xTa4O12+δ compounds [Ebb10]. For these the appearance of a

clearly visible shoulder was reported on the low energy side of the peak in the first derivative of the

absorption edge pointing to the coexistence of Cu2+ and Cu1+ ions in quenched Cu2+xTa4O12+δ .

This was corroborated by x-ray photoelectron spectroscopy and the formation of a partial charge

ordering derived from the structural analysis of neutron-diffraction data [Ebb07a]. Although for

LnyCu3RuxTi4−xO12+δ the peak shape is changing upon variation of x, a similarly clear splitting

into two separate peaks cannot be observed. The peak shape becomes slightly more symmetric

and broadens with increasing x (Fig. 6.28). The findings for the LnyCu3RuxTi4−xO12+δ are also

different to the results of the valence evolution observed for La2−xSrxCu1−yRuyO4−δ with mixed

Ru/Cu-site. These compounds provided almost constant divalent copper and a change of the Ru

valence depending on the substitution levels [Ebb98, Ebb01].

The result of the constant +4 oxidation state of Ru and the variation of the Cu valence between

+2 and +1.6 in combination with the assumed δ ≈ 0 can now be used to interprete the magnetic

properties of the LnyCu3RuxTi4−xO12+δ samples. This will be topic of the subsequent section and

furthermore the overall observed physical properties of these compounds will be discussed with

respect to these results. On the other hand, from the XANES spectra more information on the

electronical properties than the cation oxidation states can be obtained, which will be discussed in
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Figure 6.30.: Cu valence of LayCu3RuxTi4−xO12 calculated from the measured weight loss assuming

a constant Ru4+ oxidation state and δ = 0. The solid line is corresponding to the line in Fig. 6.29.

Sec. 6.2.5.

6.2.4. Magnetic Properties and Phase Diagram

The interpretation of the magnetic susceptibilities of the LnyCu3RuxTi4−xO12+δ samples is rather

difficult due to the manifold and complex magnetic exchange interactions between the different

cations. Taking into account the importance of the bond angles for the character of the superex-

change interaction the different paths can be examined. For example, the Cu–O–B angle amounts

to 110◦ with expected ferromagnetic exchange, while the B–O–B angle with 140◦ ranges close to

the border between ferro- and antiferromagnetic superexchange. The ordering of the Cu spin mo-

ments in the titanates was described by ferromagnetically coupled moments in the {111}-planes,

which are antiferromagnetically coupled with each other resulting in the negative Curie-Weiss tem-

perature [Kim02]. This ordering should be influenced by the Ru substitution, since the Ru ions

(with d electrons) are inserted into the main exchange path Cu–O–B–O–Cu between the planes.

The magnetic susceptibility of selected LayCu3RuxTi4−xO12 samples is depicted in Fig. 6.31a for

x = 0, x = 2, and x = 4. These are typical representatives for the three types of observed suscepti-

bilities.

For the pure titanates an antiferromagnetic ordering of the Cu S = 1/2 moments below roughly

25 K was reported, while up to 400 K a paramagnetic behavior was observed in agreement with
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Figure 6.31.: a) Temperature dependent magnetic susceptibility of LayCu3RuxTi4−xO12 for selected

x. b) Inverse susceptibilities for x ≤ 0.5, c) for x = 1 and x = 2, and d) for x ≥ 3.

the Curie-Weiss law (see Sec. 6.1.1). The anomaly at roughly 25 K in the inverse susceptibility

(Fig. 6.31b) indicates the antiferromagnetic ordering at least up to x = 2, however, TN decreases

gradually with increasing x. The effective magnetic moment obtained from the Curie-Weiss fit

of the paramagnetic part can be explained by the addition of the moments of Cu2+ and Ln3+.

The almost constant Curie-Weiss temperature of roughly −30 K indicates a dominating antiferro-
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Figure 6.32.: Left: Effective magnetic moment neff of LayCu3RuxTi4−xO12 obtained from a Curie-

Weiss fit of the inverse magnetic susceptibilites. The solid red line marks the theoretical sum of Cu2+

and Ru4+ spin moments. Right: Corresponding Curie-Weiss temperatures ΘCW .

magnetic exchange and only weak interactions between the Cu and Ln sublattices [Kro10, Dit11].

The antiferromagnetic ordering is observed up to a Ru content of x = 0.33. For Ru substitu-

tion levels 0.5 ≤ x ≤ 1.5 in CaCu3RuxTi4−xO12 a spin-glass behavior was described [Tsu09],

which is also present for LayCu3RuxTi4−xO12 up to x ≈ 2 characterized by the kink in the zero-

field cooled susceptibility at low temperatures [Bue10]. Furthermore, the transformation from the

paramagnetic-insulator to the heavy-fermion phase is indicated by visible changes of the curvature

of the (inverse) susceptibility, as shown in Fig. 6.31c for x = 1.0 and x = 2. The non-Curie-Weiss

behavior is reflected by the increasing deviation from a straight line. The pure ruthenates, which

are described as metallic and heavy-fermion compounds, and the samples with x ≥ 3 show a sus-

ceptibility characteristic for metals over a broad temperature range, i.e. temperature independent

Pauli-paramagnetism can be assumed [Kob04, Ebb06, Ebb10]. Only at low temperatures a steep

increase can be observed. This results in a ferrimagnetic-like shape of 1/χ as can be seen in

Fig. 6.31d, which is possibly caused by the changing magnetic interactions. Therefore, the steep

decrease to the origin below 50 K is apparently no further sign of long-range magnetic ordering.

From the high temperature part (roughly 100 K to 400 K) of the inverse susceptibilites the ef-

fective magnetic moment and the Curie-Weiss temperatures were derived for LayCu3RuxTi4−xO12

using a Curie-Weiss fit according to Eq. 2.32. In Fig. 6.32 the obtained values for neff and ΘCW

are shown in the left and right frame, respectively. For the effective magnetic moments an unex-
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pected evolution is observed. A minimum is found at x ≈ 2 and the experimental values are partly

strongly deviating from the theoretical sum of the spin-only values for the three Cu S= 1/2 and the

corresponding fraction of Ru S = 1 spin moments, which is represented by the solid red line. For

x = 0 an average Cu moment of 1.99 μB was obtained, which is larger than expected for S = 1/2

in the spin-only approximation (1.73 μB). This deviation is probably caused by contributions of

the spin-orbit coupling, which is neglected in this simplified model. However, the found value is

in excellent agreement with literature data comparing experimental results in Ref. [Lue99]. The

decrease of the total magnetic moment for increasing x can only be explained by the electronic cor-

relations in LnyCu3RuxTi4−xO12 and the changing Cu valence. But the decrease is much stronger

than the effect caused by the decreasing Cu valence. Thus, other effects like the gradual delo-

calization/localization of the Cu/Ru valence electrons have to be taken into account and will be

discussed in detail later. Furthermore, the Curie-Weiss temperature in the right frame of Fig. 6.32

exhibits unusual high absolute values for x > 2 indicating that the application of the Curie-Weiss

law for the susceptibility fit is probably not recommended for this substitution range.

As suggested by [Tsu09, Bue10] and investigated by S. Widmann in his diploma thesis [Wid12],

the observed different shapes of the susceptibilities (Fig. 6.31) can be ascribed to several magnetic

phases. In Fig. 6.33 the temperatures indicating of the upturn in the susceptibilities obtained for

the LnyCu3RuxTi4−xO12 samples are depicted (circles) and corresponding phase boundaries are

marked by dashed lines. For x ≤ 0.5 the anomaly indicates the antiferromagnetic ordering similar

to the pure titanates and the transition temperature is represented by the Néel temperature. Above

TN the samples are paramagnetic insulators. Upon increasing x the transition temperature is shifted

linearly from 25 K to roughly 10 K simultaneously for Ln = La, Pr, Nd. In the range between

x = 0.5 and x = 2.25 the ordering temperature (freezing temperature Tf) reflects the border to a

spin-glass phase, since the peak position in the ac-susceptibility becomes frequency dependent, as

typically observed for spin glasses [Tsu09, Bue10, Bin86, Myd93]. The decrease of this freezing

temperature is less steep in x and finally the magnetic phase transition vanishes above x = 2.25.

The borders x = 0.5 and x = 2.25 of the described phases are identical for all three A-site cations.

The interpretation of the magnetic properties in the range above x = 2.25 is complicated due to

the entanglement of the correlating Cu and Ru electrons, which is becoming more complex by the

addition of the A-site ions Pr and Nd with significant magnetic moments. Due to this, crystal-field

effects become relevant for lower temperatures, which further increases the complexity.

Basically, the susceptibilities of the Pr and Nd containing samples are comparable to the ones

of LayCu3RuxTi4−xO12 for the same x. The ordering temperatures (TN and Tf) are almost identical

for all three lanthanides for the same substitution levels as can be seen in Fig. 6.33. Neverthe-

less, χ of LayCu3RuxTi4−xO12 cannot be easily obtained by the subtraction of the paramagnetic

susceptibility of the lanthanide ions like it was possible for the La2−xLnxRuO5 samples shown in

Sec. 5.1.2. The deviations of the residual susceptibility to the samples containing La after subtrac-

tion of a paramagnetic rare-earth metal ion contribution from the measured susceptibilities cannot

be neglected. Thus, the correlation in the Cu–Ru system is apparently affected by the additional

rare-earth metal ion moments.

For x ≥ 2.5 the Pauli-paramagnetic behavior of the susceptibility as well as results of electrical
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Figure 6.33.: Néel temperatures of LnyCu3RuxTi4−xO12 as a function of the substitution level until

x = 2.25. The dashed lines mark the phase boundaries of the different observed magnetic phases.

resistivity measurements [Ebb06, Ebb10] let expect an insulator to metal transition at x = 2.25.

The phase transition was assumed in a first approximation for the substitution level where the

sign of the slope in the temperature dependent resistivity changes to positive. From Ref. [Ebb10]

this was expected at roughly x = 3. Recent electron spin resonance (ESR) measurements on Gd

doped LaCu3RuxTi4−xO12 (1 ≤ x ≤ 4) samples revealed that the transition is occurring close to

x = 2.25 [Sch12]. The width of the measured resonance line is typically broadening linearly

with increasing temperature in metallic systems (Korringa-effect [Kor50]). Starting from the pure

ruthenate the broadening effect decreases with increasing Ti incorporation and vanishes for x =

2.25, where the insulating spin-glasses become evident. This finding is not in contrast to the

resistivity results of Ebbinghaus et al. [Ebb06, Ebb10], though a heavy-fermion like behavior for

a broader range 2.25 ≤ x ≤ 4 can be interpreted from more recent resistivity (ρ) data. Despite

the behavior of the electrical resistivity of the pressed and sintered pellets is very sensitive on the

contact resistivity, cracks, and grain boundaries within the sample, the overall behavior can be used

to study the transition. The resistivities for x > 3 follow a T 2 behavior, which characterizes the

metallic heavy-fermion state of a Kondo-system. In this system intinerant electrons are screened

by localized ones resulting in a virtual increase of the electron mass, which is deduced from the
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increased Sommerfeld-coefficient in the specific heat. For 2 ≤ x ≤ 3 ρ is partly proportional to

ln(T ) indicating a disturbed Kondo-lattice with still a heavy-fermion like behavior of the electrons

[Wid12].

The metal-insulator transition seems to be linked to a transition from the heavy-fermion to the

spin-glass behavior, which is probably coupled with a quantum-critical point (QCP) at x = 2.25

[Bue10]. Very probably this QCP is not fixed to a narrow concentration x but it can be located

between x = 2 and x = 2.5 due to the results described up to this point. From the smooth change

of the crystal-structure data also a sudden transition at a sharp substitution level is not expected.

To further study the magnetic phase transitions and the QCP the XANES data were investigated

in detail.

In addition to the valence determination the XANES spectra of the Ru-LIII and Cu-K absorption

edges provide further characteristics of the electronic structure at the Fermi-energy. The shape of

the absorption edge is composed by allowed excitations of electrons of states close to the core into

unoccupied valence states and transitions, which are forbidden by quantum-mechanical selection

rules but become allowed by breaking the local inversion symmetry. Therefore, the near-edge

structure is reflecting the influence of the nearest neighbor atoms by, for instance, crystal-field or

valence changes.

The spectra of the Cu-K edge are shown in Fig. 6.27. The excitation of the core electrons into

localized valence states leads to a sharp transition peak in the absorption spectra since due to the

Born-Oppenheimer approximation the spatial movement of the ions can be neglected. In the case

of increasingly diffuse orbitals or itinerant electrons in the valence states the absorption energy

varies stronger and therefore causes a distinct broadening of the peak. Thus, the loss of the clear

features in the absorption-edge spectra is very well in agreement with the increasing itineracy

of the Cu valence electrons, which can be deduced from the decreasing valence depending on

x. In addition, the spin moment per Cu obtained from the integration of the transition peak in

the specific-heat data decreases from approximately S = 0.42 for the titanate to S = 0.12 for x =
2.25 [Wid12]. For x > 2.25 the transition anomaly cannot be detected either since the transition

is suppressed in agreement with the susceptibility data or the peak is becoming to broad to be

recognized or the peak maximum is shifted below the lowest available temperature of roughly 2 K

for the measurement.

Moreover, the shape of the Ru-LIII edge spectra provides detailed information of the electronic

states in the LaCu3RuxTi4−xO12 samples. The double-peak structure shown in Fig. 6.23 was fit

using two pseudo-Voigt functions. Fit parameters like the FWHM and the intensity can be used

as a measure for the degree of hybridization. Two sharp peaks with small FWHM as observed

for low substitution levels intuitively provide a small overlap and in turn broad peaks result in a

large overlapping area, which should indicate increasing hybridization and, therefore, itineracy

of the 4d electrons. For the La2RuO5 compounds it was discussed that the lower symmetry of

the octahedra as a result of the deformation decreases the FWHM values. This was suggested

since compared to e.g. RuO2 with tetragonally elongated octahedra broad peaks were observed.

However, this structural argument is not valid for LaCu3RuxTi4−xO12, where by definiton from

symmetry the octahdera are regular with equal B–O bond lengths. In this case a different origin
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Figure 6.34.: Ratio of the pseudo-Voigt peak areas (pV2/pV1) used for the Ru-LIII edge XANES fit

of LaCu3RuxTi4−xO12 and reference ruthenates.

has to be discussed for the broadening of the white lines. At low substitution levels x ≤ 1.0 clearly

the two maxima are separated and pV1 is distinctly smaller than pV2. Beginning with x = 2 both

peak intensities are increasingly becoming equal and the FWHM is broadening similar to the peak

in the derivative of the Cu-K spectra. This behavior probably is also caused by the increasing itin-

eracy of the electrons in the system and the stronger hybridization, which results in an increased

conductivity of the compounds and, hence, agrees with the insulator to metal transition for in-

creasing x. Moreover, the results of the ESR spectroscopy on the Gd-doped LaCu3RuxTi4−xO12

samples show that the Ru electrons are not fully localized (especially in the range 2 ≤ x < 4), but

also contribute to the itinerant behavior of the total electronic system [Sch12].

The ratio of the peak areas of pV2 and pV1 is shown in Fig. 6.34 for the LayCu3RuxTi4−xO12

and several PryCu3RuxTi4−xO12 samples. For the pure La- and Pr-titanates and the La2−xLnxRuO5

samples comparable values are found and as expected the values are increasing with increasing

substitution level due to the stronger delocalized character of the electrons. The almost linear

increase is marked by the dashed line in the figure rising from approximately 6 for the titanates to

27 for x = 2.0. Then the pV2/pV1 ratio remains almost constant until x = 4. The high value is in

good agreement with the ratio obtained for RuO2, which yields a metallic conductivity. This peak

broadening reflects the closing of the electronic band gap and increasing hybridization with the O-
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2p orbitals. This pV2/pV1 ratio method is maybe useful to get a first approximation of the electric

conductivity of ruthenate compounds to decide between semiconducting and metallic behavior.

Nevertheless, this has to be studied systematically in future using fully characterized samples and

probing their electrical conductivity. Alternatively the dashed line can be used to guide the eyes

through the data points. Its shape reminds of a volcano with a maximum at approximately x = 2.5,

which is surprisingly close to the QCP. This interpretation illustratively shows the divergence of

an ordering parameter at the QCP, which is expected around x = 2.25. Nevertheless, a correlation

between physical parameters still has to be found for this volcano-like shape.

6.2.5. DFT Calculation

The above described phase transitions and, therefore, resulting changes of the electronic structure

were additionally investigated by DFT-calculations. The same LSDA modelling parameters which

which were presented for the titanates in Sec. 6.1.4 were used to calculate the electronic band

structures for LaCu3RuxTi4−xO12. The crystal-structure data obtained from powder XRD were

taken as input data. To model the mixing of Ru and Ti on the B-site in the symmetry reduced P1

unit cell, several combinations of Ru and Ti were placed on the eight available sites. Thus, the

substitution levels x = 0.5,x = 1, . . . ,x = 3.5,x = 4 correspond to the replacement of one, two,

. . . , seven or eight Ti ions by Ru, respectively. The modelling of varying combinations of the

site occupations, which are not equal by using a symmetry operation, was reqired from two to six

replaced ions to study the energetical preference of ordering on the B-site by taking the solution

with lowest total energy. For example, in the case of x = 2 four Ti and four Ru ions are distributed

on the eight available sites, which can result in layered arrangements of alternating Ti and Ru

containing layers or stripes or a checkerboard type ordering, in which each nearest neighbor is of

the other element.

Summarized, no preference for long-range ordered arrangements was found. This result was

expected, since if such highly symmetrical orderings would be present, they would be obeserv-

able by superstructural reflections in the XRD patterns. Nevertheless, all possible combinations

neglecting the symmetry equivalent ones were modelled, because the obtained difference to the

minimum energy can be used to argue on the probability of the existence of these arrangements

averaged over the whole crystal structure. Since the modelled unit cell is only the smallest super-

cell available for this compound, more sophisticated algorithms generating larger supercells with

a random distribution of the B-cations would lead to more reliable results, but such large cells

would require impractibable long computational times. However, the results already agree very

well with the experimental data and motivate more detailed studies in future.

Due to the correlation between the electrons of the Cu and Ru ions, the calculations converged

only up to a maximum substitution level of x = 2.5. Above this value the repetition of the calcu-

lations basing on the output data of the previous run were performed until the energy criteria for

convergence was achieved and the deviation within the electron density was below 10−4. Upon

using the spin-polarized LSDA the magnetic ordering of the cations was investigated by different

initial spin settings. As shown above for LaCu3Ti4O12 in Sec. 6.1.4 the AFM setting of the Cu
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Figure 6.35.: DOS of LaCu3RuxTi4−xO12 obtained by DFT-calculation using LSDA (spin-up channel

is shown). The curves were shifted by a constant value to increase clarity.

spin moments leads to a converging solution providing almost the expected S = ±0.38 moment

per copper ion. Thus, with respect to the magnetic properties discussed above the Cu spins were

all set to this AFM configuration before the LSDA calculation was started. The Ru spins S = 1

were initially set in a ferromagnetic arrangement.

In Fig. 6.35 the resulting density of states for the calculation result with lowest total energy for
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integer x are depicted. The DOS of LaCu3Ti4O12 is shown at the bottom (see also Fig. 6.13) while

the DOS of the substituted compounds are each shifted by a constant value to increase clarity.

The typical structure of the DOS described above for the titanates is conserved (Sec. 6.1.4). The

unoccupied Ti 3d bands are found above 1.5 eV, between 0.5 and 2.5 eV the Cu and Ti 3d bands are

mixing and the main contribution of the Cu states is located from -2 to 0.3 eV. The remaining part

is dominated by the large number of oxygen 2p bands. The Ru 4d bands are appearing for x = 0.5

at approximately 3 eV and close to the Fermi energy. Basically these contributions increase with

increasing substitution level, as expected. Especially at EF the increased number of states would

close of the band gap and a higher electrical conductivity is expected. This is also indicated by

the change of the sample color from brownish to black and by resistivity measurements [Ebb10,

Mul86, Ram04].

The former Ti-dominated sharply peaked pDOS above 3.5 eV is only slightly shifted upon the

Ru substitution. On the other hand, for x = 4 the DOS in this region is smeared out to a broad

structure reflecting the Ru 4d eg bands of the RuO6 octahedra similar to La2RuO5. In this structure

also Cu 3d bands are found indicating hybridization. The whole structure of the main contribution

of the Cu bands located between -2 and -1 eV in the valence band is shifted by roughly -1 eV in

LaCu3Ru4O12 compared to the titanate. This shift is almost linear in x and is probably linked to the

linear decrease of the Cu valence described in Sec. 6.2.3. In general, the region dominated by O

2p bands below roughly -2 eV becomes strongly broadened and smoothened upon the increasing

substitution level reflecting once more the observed delocalization of electrons in the compounds.

In Fig. 6.35 only the spin-up channel of the DOS is shown since the almost perfect AFM order-

ing results in symmetrical DOS of both majority and minority spin channels. The band gap like

structure observed for LaCu3Ru4O12 results from the ferromagnetic ordered Ru spin moments,

which cause a minor visible shift of the Ru pDOS. In contrast, the spin-down data yield a very low

number of states at EF typical for a half-metallic system. This finding is not in agreement with the

experimental data and shows that more detailed modelling is required for the Ru-rich compounds

due to the strongly correlated electrons of Cu and Ru.

The local spin moments of the ions for each site are additionally obtained from the DFT-

calculations. The averaged moments for Cu and Ru are depicted in Fig. 6.36 versus the substitution

level. The Cu moments posses both positive and negative signs due to the AFM ordering, while

for Ru only positive signs were found reflecting a ferromagnetic arrangement. The AFM ordering

is constantly the same alternation of ferromagnetically ordered layers along the [111]-direction

like the one reported for CaCu3Ti4O12 [Kim02]. The Cu spin values decrease gradually from

approximately 0.38 for x = 0 to almost zero at x = 2.5. This finding is in agreement with the Cu

spin moments obtained from the entropy change during the transition in experimental specific-heat

data [Wid12]. In contrast, the Ru moment increases for x ≥ 2.5. This behavior of the local spin

moments agrees well with the above described increasing delocalization of the Cu 3d electrons,

which become itinerant above x = 2.5. On the other hand, (itinerant) Ru 4d electrons start to

increasingly localize into Ru spin moments of SRu ≈ 0.83, which is close to the S = 1 expected

for the 4d4 low spin configuration of Ru4+ ions in octahedral coordination. Formally for Ru a va-
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Figure 6.36.: Spin moments of Cu and Ru in LaCu3RuxTi4−xO12 obtained by DFT-calculation us-

ing LSDA. The Cu moments are found antiferromagnetically arranged, while the Ru moments order

ferromagnetically.

lence of +3.75 is expected,2 which would also result in a slightly smaller spin moment per Ru ion.

The findings imply that the heavy-fermion properties are generated by the itinerant Cu electrons,

which are interacting according to the Kondo effect with the localized Ru electrons leading to the

increased electron mass observed in the specific-heat data of the pure ruthenates.

Additional DFT calculations for the ACu3Ru4O12 (A = Ca, Sr, Pr, Nd) compounds using LSDA

were performed to compare this finding with the other related heavy-fermion compounds using

the same method. While for Pr and Nd no convergence was achieved and only local moments for

the rare-earth metal ions were obtained, the results for Ca and Sr reflect almost identical findings

as obtained for LaCu3Ru4O12. Both compounds yield an itinerant character of the Cu electrons

and local Ru spin moments of S ≈ 0.45 for A = Ca and S ≈ 0.5 for A = Sr, respectively. The

smaller local moment is surprising since this means that the Ru electrons are less localized in

the compounds with divalent A-site ions than in the ones with the rare-earth metal ions. On the

other hand, a changed Ru valence to +3 with t5
2g configuration would result in a total S = 1/2

spin moment, however, this scenario is in strong contrast to the observed tetravalent Ru in this

compounds and the absence of trivalent Cu to preserve charge neutrality for this case [Ebb02].

Probably this finding fits to the opposite explanation of delocalized Ru electrons interacting with

2This is the case when only divalent Cu is assumed.
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the Kondo lattice as proclaimed for CaCu3Ru4O12 to increase the electron mass [Tra06].

The finding of localized Ru moments and itinerant Cu electrons was quite unexpected, because

the rather diffuse Ru 4d orbitals seem to be more suitable for the delocalization in contrast to the

more localized character of the 3d orbitals. However, a strongly varying nature of the Ru d elec-

trons has been reported in Ref. [Cav04]. Furthermore, the crystal structure has to be considered.

Goodenough [Goo01] reported on an increasing localized character of electrons in octahedral BO6

coordination when the average B–O bond length increases, which is the case for increasing x in

LaCu3RuxTi4−xO12. In comparison, the Cu–O bond length either slightly decrease or remain al-

most constant in agreement with the observed changes of the electronic character. Moreover, due

to the empty Ti 3d orbitals and the square planar coordination of the Cu ions in CaCu3Ti4O12

the localization of the Cu 3d electrons is increased [Cla11]. The slight changes of the local crys-

tal structure and the rising number of Ru–O–Cu exchange interaction paths with increasing Ru

incorporation seem to support the mobility and itineracy of the Cu electrons.

In conclusion, it was shown that the subsitution on the B-site in LnyCu3RuxTi4−xO12 strongly

influences the physical properties including a number of magnetic transitions to an antiferromag-

netically ordered state, a spin-glass phase and a heavy-fermion behavior although the structural

changes are very small. Thus, the transitions are not caused by abrupt changes of the unit-cell

symmetry crossing the phase boundaries as it was shown in the previous chapter for (substituted)

La2RuO5 compounds. Still the entanglement of the slight structural changes and the electronic

structure variation requires investigations to get a more detailed overview of the correlations

between Cu and Ru electrons. Therefore, more sophisticated DFT calculations and ESR spec-

troscopy measurements are planned to gain a deeper understanding of the complex relationships

of composition - structure - physical property in the AA′
3B4O12 related compounds.
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7. Summary

In this work the complex relationships of composition, crystal structure, and physical proper-

ties were investigated for perovskite-related oxides containing ruthenium. It was shown that the

changes of structure and properties can be modified in detail by specific substitutions. For the

presented studies substitution series were performed for the parent compounds La2RuO5 with a

layered structure and ACu3B4O12 of the CaCu3Ti4O12-type with a 2×2×2 perovskite superstruc-

ture.

La2RuO5 is interesting due to its magneto-structural transition at an unusual high temperature

(Td = 161 K) including the formation of a non-magnetic singlet ground state, which is rarely

observed in 3D crystal structures. Poly- and single crystalline samples were synthesized applying

different techniques, inter alia were solid-state and varying soft-chemistry syntheses as well as a

flux method. The high- and low-temperature phases were characterized by studies of the crystal

structure, the magnetic susceptibility, and the specific heat. Basically, the crystal structure can

be described by an alternating stacking of LaO- and LaRuO4-layers along the crystallographic

a-axis. Above the transition temperature La2RuO5 adopts a monoclinic (P21/c) structure and

is paramagnetic yielding a Curie-Weiss behavior corresponding to S = 1 spin moments of the

Ru4+ ions. The Curie-Weiss temperature ranges between −100 and −180 K (depending on the

applied synthesis route) reflecting significant antiferromagnetic exchange interactions between

the Ru moments. For the low-temperature modification (T < Td) a triclinic structure (space group

P1̄) was found. Due to the structural changes a variation of Ru–O–Ru bond lengths and angles

emerges in the RuO6-octahedra. The structural parameters were investigated in detail by analysis

of diffraction data of single crystals and powder samples. Very interestingly, in the powder samples

a rather broad regime of 20 K in the vicinity of Td is observed, in which both phases coexist. A

singlet-formation of the Ru spin moments is occurring in the lt-phase characteristically leading to

the observed step-like decrease of the magnetic susceptibility to roughly 1 ·10−4 emu/mol.

In the specific heat of La2RuO5 a peak is observed at Td . The symmetric shape of the peak re-

flects a first-order transition, which is corroborated by the instant drop in the susceptibility of the

single-crystalline sample. After subtraction of the lattice contribution the entropy change caused

by the transition can be determined to approximately 4.2 J mol−1 k−1. This value is approximately

one half of what is expected for a classical model of the transition into an antiferromagnetically

ordered ground state formed by the Ru (S = 1) spin moments. Therefore, a model to estimate the

entropy for the transition from a paramagnetic to the dimerized state was developed. A typical

energy spectrum for the singlets (with coupling J0) in the lt-phase was used and depending on

J0/kBTd the entropy could be calculated. From this the exchange parameter was determined to
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J0/kB ≈ 260 K (J0 ≈ 23.5 meV). In addition, from the susceptibility data a spin-gap of approxi-

mately 48 meV in polycrystalline samples and 110 meV in single crystals was found in agreement

with inelastic neutron scattering, where a broad peak around 40 meV was observed [Kha02]. A

strong anisotropy of magnetic exchange in the lt-phase was deduced from the structural devia-

tions compared to almost regular Ru–O bond lengths and angles in the ht-phase. Thereby a dimer

model consisting of almost isolated Ru spin singlets was established in accordance with theo-

retical results in literature describing the exchange anisotropy obtained from DFT calculations

[Eye06, Wu06]. A spin-ladder like arrangement along c (within the LaRuO4-layers) with rungs

formed by the Ru–Ru spin singlets was proposed.

Ab-initio DFT calculations using LDA and LSDA were performed for both the ht- and lt-phase.

The results are in accordance with previous calculations applying an augmented-spherical-wave

approach [Eye06] as well as with the experimental results. More sophisticated calculations should

include Mott-Hubbard U electron-repulsion terms to model the anisotropic exchange parameters.

The investigation of the band-gap evolution under pressure up to 12 GPa did not reveal the

expected semiconductor to metal transition. An energy shift of the bands close to EF was found

instead of the expected broadening due to decreasing interatomic distances. These findings point

to a strong rigidity of the crystal structure. Dielectric spectroscopy revealed a very small anomaly

at Td in the permittivity ε ′ and pointed to a variable range hopping mechanism, which is slightly

different in ht- and lt-phase reflecting the change in crystal structure, electrical conductivity, and

band gaps of the phases. However, the results were strongly influenced by contact effects, which

only allowed a comparison of the relative changes.

For further studies on the dependence of the physical properties on the structural changes sys-

tematic substitutions were carried out. Lanthanum was substituted by trivalent rare-earth metal

ions (Ln = Pr, Nd, Sm, Gd, Dy) of different sizes and magnetic moments up to 10 μB. In addition,

ruthenium was partly substituted by the 3d metals Ti and Mn. To check a mutual influence of the

substitution on both sites, a co-substitution of La by Pr and Ru by Ti was performed. A large num-

ber of polycrystalline samples was synthesized by an adapted soft-chemistry route, which had to

be applied since by the classical solid-state synthesis no single-phase samples could be obtained.

Depending on the ionic radii of the rare-earth metal ions - result of the lanthanide contraction

- different maximum substitution levels were obtained for La2−xLnxRuO5. For Pr the upper limit

was x = 0.75 and was found to decline to x = 0.2 for Dy. The single-phase polycrystalline sam-

ples were investigated by x-ray and neutron diffraction in combination with Rietveld analysis. All

samples show the transition from the monoclinic ht-phase to the triclinic lt-phase like the unsub-

stituted La2RuO5 including a similar change of the cell parameters during the transition. Besides

the cell axes, the monoclinic angle β decreases linearly with x for Pr and Nd, for Sm it remains

almost constant, while for Gd and Dy the angle increases slightly. This effect can be explained by

the different sizes of the lanthanide ions and the (mis-)matching of the ions into the two available

La-sites in the structure. In general, the unit-cell volume decreases linearly with x by up to 1.8 %

due to the reduction of the axis lengths. This effect is highly anisotropic and mainly caused by
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the reduction of the axis a, which is directed perpendicularly to the layers in the compound. This

anisotropy results from the fact that the smaller rare-earth ions are preferably occupying the La-

sites in the LaO-layers. From Rietveld analysis of ND patterns it was found that roughly 65-70 %

of the Pr ions are incorporated in the LaO-layers. Neutron diffraction could only be used for the

Pr-containing samples due to the highly different scattering lengths of La and Pr (while the absorp-

tion cross sections are very similar). For the other lanthanides the scattering lengths are either too

similar to the one of La (like for Nd) or they have huge absorption cross sections (especially Sm,

Gd, and Dy). Therefore, EXAFS spectroscopy at the LIII- and K-absorption edges was applied as

an alternative method to examine the occupation of the two La-sites in the La2−xLnxRuO5 crystal

structure. For Pr, Nd, Sm, and Gd a preferred occupation within the LaO-layers was found, while

for Dy no significant preference could be observed.

The magnetic susceptibility data showed the characteristic step-like decrease at the dimeriza-

tion temperature for all the rare-earth substituted samples. The ht-phase susceptibilities can be

well described by Curie-Weiss fits. The effective magnetic moments correspond to the sum of

the S = 1 moment of Ru4+ and the moments of the trivalent lanthanide ions (from the free-ion

approximation) weighed with x. In addition, the evolution of the Curie-Weiss temperatures can

well be described assuming two weakly coupled magnetic sublattices corresponding to the Ru and

Ln ions. Furthermore, it was shown that the susceptibility of the lt-phase can be described by the

sum of the susceptibilities of La2RuO5 and the paramagnetic lanthanide ions. Only below roughly

50 K additional contributions due to emerging crystal-field effects and interactions of electrons

within the f orbitals of the rare-earth metal ions were observed.

The dimerization temperature Td was determined from differential-scanning calorimetry (DSC),

specific heat, and the magnetic susceptibility data. The values of the three methods are in good

agreement and yield a linearly decreasing dimerization temperature with increasing lanthanide

substitution level. Furthermore, it can be generalized that Td decreases with decreasing unit-cell

volume. This behavior reflects a strong correlation of the singlet-formation transition with the

crystal-structure variation. The strongest decrease of approximately 20 K was observed for Gd

(x = 0.3) and Nd (x = 0.6), i.e. for maximal substitution levels.

The specific heat of selected La2−xLnxRuO5 samples revealed very similar lattice contributions

as derived from fits using an Einstein-Debye model. The magnetic entropy was also almost iden-

tical for all investigated compounds. The average value of roughly 3.9 J mol−1 K−1 is very close

to the entropy change in pure La2RuO5. The constant entropy together with the decreasing Td

indicate a slightly decreasing intradimer exchange J0 for the Ln-substituted samples. For these

samples also the Cp/T peak at Td broadens, which very likely results from local inhomogeneities

affecting the distribution of the rare-earth substitution.

DFT calculations for Pr substituted compounds using LSDA indicate that the magnetic moment

of the Pr ions has only a minor influence on the spin ordering found for pure La2RuO5. The broad-

ening of the Ru d bands close to EF with increasing Pr substitution level in the lt-phase explains

the lowering of the transition temperature by increasing delocalization of the Ru d electrons.

In summary, the observed features in crystal structure, specific heat, and magnetic susceptibility

as well as the performed spin-polarized DFT calculations indicate the spin-singlet formation in
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the lt-phase of La2−xLnxRuO5 with a quite large exchange-coupling parameter J0/kB of ≈ 260 K

(23.5 meV). The rare-earth substitution barely affects the phase-transition properties.

Partially Ti-substituted La2Ru1−yTiyO5 was successfully synthesized up to the substitution level

y = 0.45 using a soft-chemistry route based on the thermal decomposition of a citrate-stabilized

precursor. Rietveld analysis of powder XRD data recorded at room temperature reveals that the

a-axis slightly increases for y > 0.2, whereas the length of the b-axis decreases continuously.

The c-axis as well as the monoclinic angle β increase linearly with y. The rotation of the RuO6

octahedra causes larger Ru–O–Ru angles in the ab-plane, while the angle in c-direction increases

only slightly. Decreasing deviations between the ht- and the lt-structures are observed with higher

Ti contents in measurements performed at 300 K and 100 K. For y = 0.45 the structural phase

transition is completely suppressed, as evidenced by diffraction measurements using synchrotron

radiation down to 50 K.

XANES measurements at the Ru-LIII and Ti-K absorption edges reveal oxidation states of +4

for both Ti and Ru in all samples. A detailed study of the white line at the Ru-LIII edge and the pre-

edge region of the Ti-K edge indicates very similar (distorted) octahedral oxygen coordinations

for all samples up to y = 0.45 in agreement with the results of the XRD investigations.

With increasing substitution level a distinct change of the magnetic susceptibility was observed.

The strong suppression of χ below the phase-transition temperature becomes less pronounced

with increasing y and finally vanishes for y > 0.4. The magnetic moments derived from a Curie-

Weiss fit of 1/χ above 190 K are in agreement with the sum of the remaining Ru4+ paramagnetic

moments. For low substitution levels the negative values of ΘCW first increase with y. However,

after reaching a maximum for y = 0.2, which indicates increasing antiferromagnetic exchange due

to the shorter interatomic distances, the values decrease again for higher substitution levels. In

this substitution range the Ru dilution dominates ΘCW due to the decreasing magnetic exchange.

The transition temperatures obtained from 1/χ decrease linearly with higher substitution levels

according to Td = 166 · (1− y) K.

The phase transition is clearly observable by a peak in the specific heat up to y = 0.25 and with

increasing substitution level the peak broadens. The entropy change at the phase transition de-

creases with increasing y, reflecting the smaller number of emerging Ru spin dimers and also a

decreasing intradimer exchange J0. No transition anomaly can be observed in Cp for y > 0.3 due

to the breakdown of the antiferromagnetic nearest-neighbor interaction. This results in the sup-

pression of the long-range ordered singlet ground state, yielding only isolated spin-dimer clusters

on a local scale. XRD, as well as magnetic and Cp measurements show the close correlation be-

tween structural and physical properties. Both the structural phase transition and the changes in χ
and Cp are successively suppressed with increasing Ti content and completely vanish for y = 0.45.

However, it still remains to be clarified in detail if the structural changes are driven by magnetic

exchange interactions or vice versa.

The comparison of DFT calculations for La2Ru0.75Ti0.25O5 and La2Ru0.5Ti0.5O5 with unsubsti-

tuted La2RuO5 shows a strong contribution of the Ti states at roughly 1.5 eV above EF and in turn a

decrease of the Ru-pDOS at EF. Spin-polarized calculations for the lt-phase of La2Ru0.75Ti0.25O5
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reveal that the antiferromagnetic arrangement known from lt-La2RuO5 is preserved, despite of the

incorporated non-magnetic Ti ions. This finding is in agreement with the specific-heat and suscep-

tibility results, both indicating the transition to a long-range dimerized state. For y = 0.5 the weak

ferromagnetic exchange interactions of Ru–Ru next-nearest neighbors seem to be stronger than

the antiferromagnetic exchange leading to the dimerization in calculations using LSDA, which is

in agreement with the absence of the singlet state for this substitution level.

The simultaneous substitution of La by Pr and Ru by Ti in La2RuO5 (La2−xPrxRu1−yTiyO5)

was successfully carried out for a large composition range 0 ≤ x ≤ 0.75 and 0 ≤ y ≤ 0.4. The

upper substitution limits reflect increasing structural stress caused by the different ionic radii of

the substituents in agreement with solely Pr- or Ti-substitution studies.

The polycrystalline samples were investigated by powder XRD at room temperature in combina-

tion with Rietveld analysis. The cell parameters reflect a completely additive behavior with respect

to the changes observed for the solely Pr and Ti substitution. This finding can be explained taking

into account the layered structure of La2RuO5. While the Pr ions are predominantly occupying

the LaO-layers, the Ti ions are located on the Ru-sites in the LaRuO4-layers. The simultaneous

substitution leads to a certain degree of compensation of the cell-parameter changes, which results

in the large available range of x and y. Only the b-axis is shortened by both substitutions, which

limits the range of concomitantly high substitution levels for Pr and Ti (x ≥ 0.5 and y ≥ 0.3).

The magnetic susceptibilities of the ht-phase can be explained assuming a coexistence of two

only weakly interacting magnetic sublattices formed by the Pr3+ and Ru4+ ions, respectively. The

Curie-Weiss temperature ΘCW exhibits largest negative values for medium titanium contents. Its

increasing absolute value found for 0 ≤ y ≤ 0.2 is caused by increasing antiferromagnetic inter-

actions due to the decrease of interatomic distances as a result of small structural modifications.

The decrease of |ΘCW | for y > 0.2 can be explained by the dominating dilution of the magnetic

Ru-centers by non-magnetic Ti.

A magnetic phase transition with Ru–Ru spin pairing in the lt-phase is observed for all samples

with y < 0.4. Correspondingly, a linearly decreasing dimerization temperature is found for both

substitutions, however, the slopes deviate according to the effects found for the solely Ti and Pr

replacement. As the Pr and the Ti substitutions do not mutually affect each other, linear changes

with both x and y are obtained for all investigated parameters.

Samples with partial substitution of Ru by Mn in La2RuO5 could also be obtained by the sol-

gel reaction outlined above. An upper limit of the substitution level is reached at y = 0.25. By

XRD and ND it was found that the La2Ru1−yMnyO5 samples crystallize in the same monoclinic

structure as unsubstituted La2RuO5 without any cationic ordering. Additional SAED data support

the statistical distribution of Mn on the Ru-site by the absence of superstructure reflections in

the zone-axis patterns. The unit-cell parameters a and b decrease while c and the monoclinic

angle β increase with increasing substitution level. The parameters remain within the boundaries

determined from La2−xLnxRuO5 and La2Ru1−yTiyO5. Due to the replacement of Ru4+ by smaller

Mn4+ ions with 3d3 configuration the local coordination in the (Ru/Mn)O6 octahedra changes
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distinctly, resulting in a tetragonal elongation of the octahedra along c. Furthermore, the Ru–O–

Ru bond angles change with y. The angles along the c-axis increase by roughly 1◦ to 153.6◦,

while in the ab-plane a more significant increase of 2◦ to roughly 156◦ was found compared to

pure La2RuO5.

XANES measurements proved the oxidation state of +4 for both Ru and Mn ions. Thus, the

magnetic properties of the lt-phase described in the following are not caused by a mixture of

Mn3+/Mn4+ and Ru4+/Ru5+ valences, as it is typically observed in other Ru/Mn oxides.

The sum of the magnetic moments of Ru4+ (S = 1) and Mn4+ (S = 3/2) is in good agreement

with the neff values obtained from the Curie-Weiss fit of the experimental susceptibilities between

190 K and 400 K. The values of ΘCW are remaining almost constant at −160 K up to y = 0.1.

For y = 0.15 |ΘCW | increases in a step-like manner to roughly −110 K. This effect is accompa-

nied by the appearance of a second magnetic phase transition. The usual transition step for the

spin dimerization at Td was also observed in the Mn-substituted samples for y ≤ 0.2. The sec-

ond magnetic phase found for y ≥ 0.1 in fc-zfc-measurements can be ascribed to the occurrence

of a spin-glass from the S = 1 and the S = 3/2 moments characterized by the freezing tempera-

ture Tf . The observed ferro-(or ferri-)magnetic like increase in χ below 110 K for y ≥ 0.1 was

studied in detail by field-dependent magnetization measurements. The obtained absolute value of

the remanence of the hysteresis formed at 2 K is much smaller than expected for a ferrimagnet

and, therefore, strongly supports a spin-glass phase below Tf . In addition, the typical s-shaped

hysteresis and further AC-susceptibility measurements at the second transition at Tf corroborate

the spin-glass transition. A cusp with maximum at Tf appears in the AC-susceptibility and these

maxima shift considerably by several K to higher temperatures with increasing frequency, which

is characteristic for a spin-glass state.

Up to the substitution level y = 0.2 the structural transition to the triclinic lt-phase was observed

in combination with the typical change in the magnetic susceptibility, which is ascribed to the

dimerization transition of the Ru spin moments. The observed fc-zfc splitting of χ in the lt-phase

is not related to a second structural change. From the comparison of χ of the different samples

with the appearance of the structural transition it was found that the spin-glass phase emerges in the

lt-modification at temperatures just below the Ru dimerization. Surprisingly, La2Ru0.75Mn0.25O5

shows an incomplete structural transition, i.e. even at 1.5 K roughly 55 % of the ht-phase is still

found by quantitative Rietveld analysis of (synchrotron) x-ray- and neutron-diffraction data. Even

more interestingly, the (apparently homogeneous) ht-phase splits at 120 K into an lt-phase with

lower Mn content (y ≈ 0.2) and a ht-phase with higher Mn content (y ≈ 0.27). This observation

is unusual taking into account that at room temperature no sign of a mixture of two phases with

varying Mn substitution was observed.

The specific heat of the Mn-substituted compounds yields a decreasing magnetic entropy at the

dimerization transition with higher manganese contents. Above y= 0.15 the dimerization peak has

vanished, mirroring that only short-range exchange remains. For La2Ru0.75Mn0.25O5 no reliable

fit of the phonon contributions to the heat capacity was obtained, possibly reflecting smeared out

contributions from the spin-glass transition.

Unpolarized and spin-polarized DFT calculations for La2Ru0.75Mn0.25O5 were used to inter-
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prete the magnetic Ru-Mn interaction. The found scenarios of parallel and antiparallel spin mo-

ments fit to the spin-glass behavior. On the other hand, the absence of a complete structural

transition makes it impossible to study the low-temperature behavior in detail by DFT modelling.

La2Ru1−yMnyO5 is a descriptive example for the strong influence on macroscopic physical prop-

erties by even very small structural changes caused by substitution. Especially the unusual mixing

of two crystallographic phases with different substitution level in the lt-phase of La2Ru0.75Mn0.25O5

requires a more detailed investigation. Furthermore, the strongly off-center displacement of the

Ru/Mn site in the octahedra in the lt-modification possibly results in a dipole moment, which may

be interesting for dielectric investigations and the possible occurrence of ferroelectricity.

The reduction behavior of pure and substituted La2RuO5 was studied by thermogravimetry in

order to derive the exact oxygen stoichiometry. Surprisingly, the observed weight losses lead to

(apparent) oxygen deficiencies 0.06 ≤ δ ≤ 0.14 in clear contradiction to the results from neu-

tron diffraction, XAS, and magnetic measurements. Ru-LIII-XANES measurements show that the

structure of the absorption edge does not resemble the one of metallic ruthenium. The presence

of a very intense white line indicates a Ru 4d–O 2p hybridization, i.e. the presence of oxidized

ruthenium. Ru-K EXAFS measurements clearly indicate Ru–O coordination shells revealing an

incomplete reduction of the transition metal. It was possible to quantify the amount of remaining

oxygen and a linear correlation with the apparent oxygen deficiency of the samples was found.

This linear relation proves that the calculated oxygen deficiencies are actually artifacts, resulting

from an incomplete reaction even at temperatures up to 1100 ◦C. The incomplete reduction of the

La2RuO5-type samples is an unusual exception for an oxide containing noble-metal ions.

The relationship between crystal structure and physical properties of CaCu3Ti4O12-related sam-

ples was also investigated in this thesis. The titanates Ln2/3Cu3Ti4O12 (Ln = trivalent rare-earth

element), Ce0.5Cu3Ti4O12, and (Sr,Ca)Cu3Ti4O12 have already been intensely studied because of

their very high (colossal) dielectric permittivities in the range of ε ′ ≈ 104. For additional inves-

tigations of these oxides polycrystalline samples were synthesized by solid-state reaction leading

to single phase samples of orange-brownish color. It was shown earlier that the dielectric prop-

erties of the samples are very similar [Sub02], which summoned a detailed study of their crystal

structure and physical properties (e.g. magnetic properties and band-gap tuning).

The crystal structures of these titanates are basically identical, only the length of the lattice

parameter a was found to directly depend on the effective ionic radii of the A-site cation. With

respect to this the Ti–O bond length decreases linearly from 1.965 Å for La to 1.954 Å for all

A-site ions smaller than Dy. Similarly, the Cu–O distance is almost linearly reduced from 1.98 Å

(La) to 1.965 Å (Yb). While the Ti–O–Ti bond angles remain constant at 141.2◦, the O–Cu–O

angle decreases from 96.5◦ to 95◦ resulting in a more regular square shape of the CuO4 plaquettes,

which should slightly influence the d level splitting of the Jahn-Teller active ion. The Cu–O–Ti

bond angle is assumed to have the strongest influence on the magnetic exchange interaction be-

tween the Cu spin moments on the path Cu–O–Ti–O–Cu. For all samples an antiferromagnetically

ordered state below 25 K was found. Since the Cu–O–Ti angle amounts to identical 109◦ for all
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ACu3Ti4O12 samples, this explains the very similar values and temperature/frequency depend-

ing behavior of ε ′ as found by dielectric spectroscopy measurements. The structural analysis of

La2/3Cu3Ti4O12 single crystals yielded a good agreement with the results of the Rietveld analysis

of powder-diffraction patterns.

Besides the compounds with a single element on the A-site, it was possible to synthesize poly-

crystalline samples as solid solutions with mixed A-site occupation. A number of samples with

La/Pr and Pr/Nd mixture of neighboring elements were synthesized as well as several mixtures

of divalent Ca and trivalent lanthanides (Pr, Sm, Dy) with strongly deviating ionic radii and va-

lences. From this and the corresponding structural investigations it can be concluded that due to

the flexibility of the structure a rather large variation of the ionic size and valence of the A-cation

can be compensated. As a consequence similar physical properties can be expected for all these

titanates, since the electronic structure relevant for the physical properties is assumed to remain

almost identical independent of the A-site occupation.

This interpretation was corroborated by detailed investigations of the dielectric properties (shown

in detail in Ref. [Kro10]), the magnetic susceptibility, and by UV-Vis spectroscopy. By ESR it was

furthermore shown that the antiferromagnetic ordering of the Cu spin moments is similarly occur-

ring at 25 K for all samples and that the paramagnetic rare-earth metal ions are only very weakly

coupled to the magnetic Cu sublattice [Dit11]. As already mentioned, dielectric spectroscopy

yields a high permittivity for all samples and an almost identical temperature and frequency vari-

ation of ε ′ [Seb10]. Furthermore, the shape of the absorption-edge and the band-gap position

measured by UV-Vis spectroscopy are also very similar for all titanate samples.

DFT calculations of CaCu3Ti4O12 using LSDA in the FPLO code are resembling the results

given in literature. Additional calculations were performed for SrCu3Ti4O12 and La2/3Cu3Ti4O12.

The latter were previously not investigated using DFT and were found to possess very similar band

structures and DOS compared to CaCu3Ti4O12. An antiferromagnetic ordering of the Cu moments

was found for all three compounds. In addition, the local spin moments are similar and amount

to S = 0.5 for A = Ca and Sr, and to S = 0.38 for A = La, respectively, in agreement with the 3d9

configuration of Cu2+.

For the solid-solution systems LnyCu3RuxTi4−xO12 (Ln = La, Pr, Nd) a large number of phase-

pure samples with different values of x were prepared applying a solid-state synthesis route. For

very low Ru contents the A-site occupancy was set to y = 2/3+ x (x ≤ 1/3), while for x ≥ 1/3

samples with completely occupied A-site could be prepared because of the conservation of charge

neutrality by the trivalent lanthanide ions. For x ≥ 1/3 it was assumed that the incorporated Ru

ions can balance the gradually changing total A-site valence from +2 to +3 by variation of the Ru

oxidation state. The unit-cell volume increases with rising Ru content according to Vegard’s law.

In detail, two effects have to be taken into account for the behavior of the axis length, namely the

gradually increasing occupation of the A-site (for x ≤ 1/3) and the replacement of Ti4+ by slightly

larger Ru4+ ions. The latter effect results in smaller changes than the first. The increase of a for A
= La ranges from 7.42 Å (x = 0) to 7.48 Å (x = 4). This relative change of approximately 0.06 Å is

found for La, Pr, and Nd, while the absolute values of a are shifted by a constant amount according
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to the different A-site cation size.

In detail, the structural changes mainly affect the B–O–B bond angle, which slightly decreases

from 141◦ to 139.5◦ with x, and the B–O distances, which linearly increase with x from 1.96 Å

by 0.03 Å due to the larger Ru ions compared to Ti. The Cu–O distances (1.965 Å) as well as

the Cu–O–B angles (109.5◦) remain constant for x ≥ 0.33, while the changes observed below

this substitution level are caused by the filling of the empty A-sites. The O–Cu–O angle, on the

other hand, shows a significant correlation with the substitution level. From 96◦ for pure titanate

the value drops drastically to 91◦ for x = 0.1 and increases linearly back to 96◦ for the pure

ruthenates. This angle reflects the (distorted) square-planar geometry of the Cu-oxygen plaquettes.

It can be assumed that a more symmetric plaquette results in more localized d electrons due to

the reduced Jahn-Teller distortion and vice versa. Thus, changes in the electronic structure of

LnyCu3RuxTi4−xO12 were expected and further investigated.

The oxygen stoichiometry of LayCu3RuxTi4−xO12+δ was studied using thermogravimetry under

reducing conditions. Only one reduction step was observed, i.e. Cu and Ru are reduced simultane-

ously. In addition, it was observed that the weight reduction step is shifted to higher temperature

with increasing titanium content in agreement with the increased shielding effect of the incorpo-

rated Ti. Especially for lower Ru contents (x ≤ 1) the measured weight loss was significantly

higher than expected, which can be explained either by unreasonably high oxygen deficiencies in

the range of 0.3 or by varying cationic valences. Therefore, the valences of Cu and Ru were deter-

mined using XANES. Tetravalent Ru was found for all substitution levels, while the Cu valence

decreases linearly by approximately 0.1 per integer x from +2 for the titanates (x = 0) to +1.6 for

the ruthenates (x = 4). This finding is quite surprising because it is to be expected that Ru changes

its valence more easily than Cu, which should provide localized electrons due to the plaquette co-

ordination. However, the valence variation may be ascribed to the mentioned deformations of the

plaquettes and the changing B–O bond lengths. Using the experimentally found oxidation states

in the interpretation of the thermogravimetric weight losses, oxygen contents very close to the

nominal value of 12 were calculated. However, it should be mentioned that a possible occupation

of Cu on parts of the vacant A-sites for y ≤ 0.33 would also explain the observed deviations in this

substitution range.

With respect to these surprising results, the dependence of the magnetic phase transitions on the

Ru substitution level was studied in detail. From the magnetic susceptibility three different phases

can be identified. Below x = 0.33 an antiferromangnetic ordering of the Cu spin moments below

25 K is observed, which is typically found for the titanates as described above. The transition

temperature decreases linearly with x. Above x = 0.33 a spin-glass phase becomes evident, which

is most significant around x = 1 and vanishes in the range 2.0 < x < 2.5. For substitution levels

x ≥ 2.5 no low-temperature ordering is found. From the Curie-Weiss fits of the high tempera-

ture part (100 - 400 K) of the susceptibilities of LayCu3RuxTi4−xO12 local spin moments were

obtained, which are in general agreement with the XANES results. For low Ru contents the total

moment decreases according to the reduced Cu oxidation state and beginning at x = 2.5, the Ru

moment dominates the again increasing total magnetic moment. The negative Curie-Weiss tem-

peratures amount to roughly −25 K for the titanates and increase slowly with increasing x until at
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x = 2.5 this model cannot be applied anymore as reflected by the unreasonable value of roughly

ΘCW = −1000 K for the pure ruthenate. It was also found that the susceptibilities of the Pr and

Nd containing samples cannot simply be considered as sum of the LayCu3RuxTi4−xO12 data and

the paramagnetic moment of the rare-earth metal ions as it was found for rare-earth substituted

La2RuO5. Thus, a more complex correlation of the magnetic and electronic structures has to be

assumed.

It was shown by ESR on Gd doped La0.95Gd0.05Cu3RuxTi4−xO12 with x ≥ 1.0, as well as spe-

cific heat and resistivity measurements that the LayCu3RuxTi4−xO12 samples with high Ru con-

tents (x ≥ 2.5) are metallic heavy-fermion compounds. The origin of the heavy-fermion state

was further investigated using XANES measurements and DFT calculations. A metal to insula-

tor transition was found by resistivity measurements. The metallic heavy-fermion phase above

x = 2.25 transforms into a semiconducting spin-glass for lower substitution levels. This is due to

the increasing delocalization of the Cu 3d electrons with increasing x, which is correlated to the

observed decrease of oxidation state and local spin moment (from DFT: S = 0.38 for x = 0 and

S = 0 for x ≥ 2) of the Cu ions, as well as the distinct softening of the XANES structure at the Cu-

K absorption edge for x ≈ 2.25, while the shape of the Ru-K absorption edge remains unchanged.

The changing Cu moment was also obtained from the entropy of the antiferromagnetic ordering

transition in the specific heat. The DFT modelling shows an almost unchanged Ru pDOS, while

the Cu pDOS at EF becomes broader in energy with increasing x.

In conclusion, the complementary experimental methods used in this work provide a deeper

insight in the characteristics of the rich and complex phase diagram of the ACu3B4O12-type com-

pounds. It was shown that the observed heavy-fermion behavior of the ruthenates is caused by

itinerant Cu electrons, which are interacting with the localized Ru 4d electrons resulting in the

Kondo-like increase of the fermion mass. This model is in contrast to the scenario proposed for

CaCu3Ru4O12 [Kob04], where the Ru electrons are considered itinerant and the Cu electrons are

supposed to form the centers of the Kondo-lattice.

The close relationship between composition, crystal structure, and physical properties is a cru-

cial parameter to be studied especially when phase transitions are occurring. By carefully chosen

substitutions both the structure and physical properties like magnetic-ordering phenomena and

electrical conductivity can be affected. It has to be mentioned, though, that additional parameters

like oxygen stoichiometry and cation valence can also play an important role in the studied pa-

rameter relationships. Therefore, a generalized statement on the evolution of electronic, magnetic,

and thermodynamic properties based on structural and physical property investigations is still not

simply available due to the complex interplay of different factors strongly correlated with each

other.

Besides the described results further interesting questions arose during the course of this the-

sis. For example, an unusual fragility of the spin-glass phase in Mn substituted La2RuO5 was

observed, or the analysis of the structure and properties of La4Ru2O9 obtained from the interme-

diate in the thermal reduction of La2RuO5 is planned, or further ESR studies on the heavy-fermion
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state in CaCu3Ru4O12 related compounds based on the presented results should be applied. Very

interesting is also the prediction of Dagotto and Rice [Dag96] that a hole-doping of the spin-ladder

could induce a superconduting phase, which in the case of La2RuO5 would emerge at a very high

temperature of possibly Td = 161 K. This could be promisingly tested by e.g. substituting the

trivalent La by divalent Sr. These questions may be addressed in future works revealing the power

of the fundamental correlation between structure and physical properties in solid-state chemistry

and physics.
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Concluding Summary

For this work a considerable number of pure and substituted (rare-earth elements, Ti, and Mn)

La2RuO5 samples with an unconventional layered perovskite-related structure were synthesized

by a new soft-chemistry approach. Besides the crystal structure investigated by x-ray and neutron

diffraction as well as x-ray absorption spectroscopy, the magneto-structural phase transition was

studied in detail by measurements of the magnetic susceptibility and specific heat. Below the

transition temperature Td = 161 K a rare spin-singlet ground-state was identified consisting of

Ru4+ (S= 1) spin dimers, which can be imagined as the rungs of a ladder-like arrangement parallel

to the crystallographic c-axis. In this low-temperature state a spin gap of approximately 48 meV

opens as derived from the magnetic susceptibility. This was corroborated by modelling the entropy

changes of the transition observed as peak in the specific heat using the intradimer exchange J0 =

23.5 meV. Furthermore, it was found that rare-earth substitution merely influences the structure

rather than the magnetic properties, while titanium suppresses both the structural and magnetic

phase transition when almost half of the ruthenium becomes replaced. Manganese substitution

leads to a second magnetic phase transition at lower temperatures than the dimerization. It was

characterized as spin-glass state but the type of exchange between Mn4+ (S = 3/2) and Ru4+

(S = 1) driving this spin-glass state within the dimerized Ru matrix has still to be clarified.

Polycrystalline samples of a second group of ruthenates with a 2×2×2 - perovskite superstruc-

ture (ACu3RuxTi4−xO12) were also synthesized as solid-solution series with A = La, Pr, Nd. The

complex phase diagram depending on the Ru content was studied in detail. Pure titanates (known

for their colossal dielectric permittivities) show an antiferromagnetically ordered ground-state be-

low 25 K even remaining for small Ru doping. For 0.25 ≤ x ≤ 2.25 a spin-glass phase was found,

while above x = 2.25 a heavy-fermion phase with a behavior characterized by a disturbed Kondo-

lattice was identified. Concomitant with this a metal to insulator was found at roughly x = 2.25

with decreasing Ru content. The combination of detailed XANES and thermogravimetric investi-

gations revealed a constant Ru4+ valence while the Cu valence decreases linearly from +2 for the

titanates to +1.6 for the ruthenates. In addition, ESR measurements and DFT calculations were

performed allowing to conclude that the Cu 3d electrons become itinerant and interact Kondo-like

with the localized Ru 4d electrons, resulting in the heavy-fermion state.
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A. Appendix

A.1. List of Used Chemicals

Table A.1.: Used chemicals for the sample synthesis.

Sum formula Producer Purity

Ruthenium

Ru (metal powder) Merck ≥99.9%

RuO2 Chempur 99.9%

RuCl3 ·n H2O Merck Ru-content 35%-40%

Ru-acetyleacetonate (Ru-AcAc) Chempur Ru-content 22.4% - 22.9%

Ru-nitrosyleacetate (Ru-NOAc) Aldrich 99.9%

Other

Ti (metal powder) Aldrich 99.7%

TiO2 Aldrich ≥99%

CuO Helm AG 99.5%

Mn(NO3)·4 H2O Merck 99.98%

CaCO3 Aldrich ≥99%

SrCO3 Aldrich 99.9+%

BaCl2 ·2 H2O Aldrich 99+%
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Table A.2.: Used chemicals for the sample synthesis.

Sum formula Producer Purity

Rare earths

Y2O3 Aldrich 99.99%

La2O3 Chempur 99.9%

La(NO3)3 ·6H2O Fluka 99.9%

La(NO3)3 ·6H2O Chempur 99.9%

CeO2 Chempur 99.9%

Pr2O3 MaTecK 99.9%

Pr(NO3)3 ·5.7H2O Chempur 99.9%

Nd2O3 Aldrich 99.9%

Nd(NO3)3 ·5.8H2O Aldrich 99.9%

Sm2O3 Aldrich 99.99%

Sm(NO3)3 ·5.4H2O Merck p.a.

Eu2O3 MaTecK 99.9%

Gd2O3 Aldrich 99.9%

Gd(NO3)3 ·6H2O Aldrich 99.9%

Tb2O3 MaTecK 99.9%

Dy2O3 Fluka 99.9%

Dy(NO3)3 ·5.34H2O Alfa Aesar 99.9%

Ho2O3 Merck LAB

Er2O3 Aldrich 99.9%

Tm2O3 Aldrich 99.9%

Yb2O3 Aldrich 99.9%
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A.2. La2RuO5 Single-Crystal Data

A.2. La2RuO5 Single-Crystal Data

Table A.3.: La2RuO5 single-crystal refinement parameters.

Sum formula La2RuO5

Molar mass (g/mol) 458.885

Crystal system monoclinic

Space group P21/c (No. 14)

Diffractometer STOE IPDS 2T

Radiation: Mo-Kα : λ = 0.71073 Å

a (Å) 9.1881(12)

b (Å) 5.8311(7)

c (Å) 7.9658(9)

β (deg) 100.793(10)

Volume (Å3) 419.23

Formula units per cell 4

Temperature (K) 293(2)

Calculated density (g/cm3) 7.27

Crystal size (mm3) 0.05×0.05×0.02

Absorption coefficient (mm−1) 23.47

F(000) 792.0

2θ range (◦) 8.72 ≤ 2θ ≤ 79.98

Range in hkl ±16,±9,±11

Total no. of reflections 3888

No. of rejected reflections 159

Independent reflections 1428 (Rint = 0.0566)

Reflections with I > 4σ(I) 903 (Rσ = 0.0601)

Data/parameters 1428/74

Absorption correction Numerical

Goodness-of-fit (F2) 0.939

Final R indices (I > 4σ(I)) R1 = 0.0386, wR2 = 0.0883

R indices (all data) R1 = 0.0730

Largest differ. peak/deepest hole (e· Å3) 2.11/-2.31
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Table A.4.: Atomic coordinates and isotropic equivalent displacement parameters Ueq in Å2 for the

La2RuO5 single crystal. Ueq is defined as one third of the trace of the orthogonalized Ui j tensor.

Atom x y z Ueq

La1 0.1689(1) 0.2504(1) 0.0387(1) 0.0077(1)

La2 0.5519(1) 0.2628(1) 0.3794(1) 0.0072(1)

Ru 0.8504(1) 0.2540(1) 0.2114(1) 0.0051(1)

O1 0.8544(9) 0.3325(12) 0.4623(6) 0.0090(11)

O2 0.6880(9) 0.4607(12) 0.1300(7) 0.0101(12)

O3 0.7231(10) -0.0111(12) 0.2213(8) 0.0127(15)

O4 1.0211(11) 0.0441(14) 0.2933(8) 0.0155(15)

O5 0.4237(9) 0.3328(12) 0.6030(7) 0.0093(11)

Table A.5.: Anisotropic displacement factors Ui j in Å2 for the La2RuO5 single crystal .

Atom U11 U22 U33

La1 0.0081(2) 0.0066(2) 0.0083(2)

La2 0.0098(2) 0.0062(2) 0.0059(2)

Ru 0.0059(3) 0.0045(2) 0.0052(2)

O1 0.0110(37) 0.0095(29) 0.0073(25)

O2 0.0094(38) 0.0098(31) 0.0102(27)

O3 0.0215(51) 0.0098(32) 0.0086(30)

O4 0.0189(44) 0.0134(37) 0.0123(30)

O5 0.0116(35) 0.0122(30) 0.0041(25)

Atom U23 U13 U12

La1 0.0005(1) 0.0011(1) 0.0002(2)

La2 -0.0014(2) 0.0023(1) -0.0003(2)

Ru 0.0004(2) 0.0015(1) -0.0002(3)

O1 -0.0004(17) 0.0035(17) 0.0046(24)

O2 -0.0031(17) -0.0008(18) -0.0046(24)

O3 -0.0014(18) 0.0070(23) 0.0003(28)

O4 -0.0021(20) -0.0004(21) 0.0089(31)

O5 0.0025(16) 0.0013(17) 0.0025(24)

274



A.2. La2RuO5 Single-Crystal Data

Table A.6.: Selected bond lengths and interatomic distances for the La2RuO5 single crystal.

Bond d(Å) Bond d(Å)

Ru–O1 2.044(5) La1–La1 (x2) 3.9829(6)

Ru–O1 2.055(5) La1–La1 4.2149(6)

Ru–O2 1.933(8) La1–La1 4.2219(6)

Ru–O3 1.949(8) La1–La2 3.8030(6)

Ru–O4 2.001(8) La1–La2 3.9123(6)

Ru–O4 2.067(8) La1–La2 3.9596(6)

La1–La2 4.0224(6)

Ru–La1 3.4588(8) La2–La1 3.8030(6)

Ru–La1 3.4957(9) La2–La1 3.9123(6)

Ru–La1 3.5359(9) La2–La1 3.9596(6)

Ru–La1 3.5361(9) La2–La1 4.0224(6)

Ru–La1 3.5388(9) La2–La2 (x2) 3.5950(6)

Ru–La1 3.5703(9) La2–La2 3.5973(6)

Ru–La2 3.2690(8) La2–La2 3.8321(6)

Ru–La2 3.4364(8) La2–La2 (x2) 3.9857(6)
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A.3. La2/3Cu3Ti4O12 and SrCu3Ru4O12 Single-Crystal Data

Table A.7.: La2/3Cu3Ti4O12 single-crystal refinement parameters.

Sum formula La2/3Cu3Ti4O12

Molar mass (g/mol) 667.29

Crystal system cubic

Space group Im3̄ (No. 204)

Diffractometer Syntex P21

Radiation: Mo-Kα : λ = 0.71073 Å

a (Å) 7.4361(13)

Volume (Å3) 411.18

Formula units per cell 2

Temperature (K) 293(2)

Calculated density (g/cm3) 5.390

Crystal size (mm3) pyramidal 0.25(top : 0.19)×0.2(top : 0.125)×0.09

Absorption coefficient (mm−1) 7.38

F(000) 309.2

2θ range (◦) 5 ≤ 2θ ≤ 89.76

Range in hkl ±14,±14,±14

Total no. of reflections 4048

No. of rejected reflections 0

Independent reflections 332 (Rint = 0.0605)

Reflections with I > 4σ(I) 320 (Rσ = 0.0187)

Data/parameters 332/16

Absorption correction Crystal shape and PLATON

Goodness-of-fit (F2) 1.287

Final R indices (I > 4σ(I)) R1 = 0.0235, wR2 = 0.0618

R indices (all data) R1 = 0.0243

Largest differ. peak/deepest hole (e· Å3) 1.65/-0.94
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A.3. La2/3Cu3Ti4O12 and SrCu3Ru4O12 Single-Crystal Data

Table A.8.: SrCu3Ru4O12 single-crystal refinement parameters.

Sum formula SrCu3Ru4O12

Molar mass (g/mol) 874.52

Crystal system cubic

Space group Im3̄ (No. 204)

Diffractometer STOE IPDS 2T

Radiation: Mo-Kα : λ = 0.71073 Å

a (Å) 7.4418(9)

Volume (Å3) 412.13

Formula units per cell 2

Temperature (K) 293(2)

Calculated density (g/cm3) 7.047

Crystal size (mm3) 0.08×0.08×0.08

Absorption coefficient (mm−1) 21.20

F(000) 794.0

2θ range (◦) 8.72 ≤ 2θ ≤ 99.11

Range in hkl −14 < h < 6,−4 < k < 15,−2 < l < 15

Total no. of reflections 1452

No. of rejected reflections 238

Independent reflections 399 (Rint = 0.0267)

Reflections with I > 4σ(I) 309 (Rσ = 0.0174)

Data/parameters 399/13

Absorption correction Numerical

Goodness-of-fit (F2) 1.225

Final R indices (I > 4σ(I)) R1 = 0.0535, wR2 = 0.1215

R indices (all data) R1 = 0.0682

Largest differ. peak/deepest hole (e· Å3) 2.60/-6.95
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Table A.9.: Atomic coordinates and isotropic equivalent displacement parameters Ueq in Å2 for the

La2/3Cu3Ti4O12 and SrCu3Ru4O12 single crystals. Ueq is defined as one third of the trace of the

orthogonalized Ui j tensor.

La2/3Cu3Ti4O12

Atom x y z Ueq

La 0 0 0 0.0033(1)

Cu 0.5 0 0 0.0043(1)

Ti 0.25 0.25 0.25 0.0058(1)

O 0.1807(1) 0.3036(1) 0 0.0048(1)

SrCu3Ru4O12

Atom x y z Ueq

Sr 0 0 0 0.0030(2)

Cu 0.5 0 0 0.0046(2)

Ru 0.25 0.25 0.25 0.0022(2)

O 0.1755(1) 0.3088(1) 0 0.0044(4)

Table A.10.: Anisotropic displacement factors Ui j in Å2 for the La2/3Cu3Ti4O12 and SrCu3Ru4O12

single crystals.

La2/3Cu3Ti4O12

Atom U11 U22 U33 U23 U13 U12

La 0.0033(1) 0.0033(1) 0.0033(1) 0 0 0

Cu 0.0029(2) 0.0069(2) 0.0029(2) 0 0 0

Ti 0.0058(1) 0.0058(1) 0.0058(1) 0.0017(1) 0.0017(1) 0.0017(1)

O 0.0047(3) 0.0064(3) 0.0032(3) 0 0 0.0011(2)

SrCu3Ru4O12

Atom U11 U22 U33 U23 U13 U12

Sr 0.0030(2) 0.0030(2) 0.0030(2) 0 0 0

Cu 0.0064(4) 0.0037(3) 0.0036(3) 0 0 0

Ru 0.0022(2) 0.0022(2) 0.0022(2) -0.0001(1) -0.0001(1) -0.0001(1)

O 0.0024(8) 0.0054(9) 0.0056(1) -0.0008(8) 0 0.0011(1)
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