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Valence properties of Cu and Ru in titaniumsubstituted LnCu3Ru4O12+δ (Ln = La, Pr, Nd)
investigated by XANES and TGA†
Stefan Riegg,*a Armin Reller,b Alois Loidla and Stefan G. Ebbinghausc
In the solid-solution series LayCu3RuxTi4−xO12+δ (0 ≤ x ≤ 4) the Cu and Ru electronic states are highly correlated. With increasing Ru content x the system properties change from a paramagnetic insulator with
colossal dielectric constant to a heavy-fermion metal. To further elucidate the occurring phase transitions, the valences of Cu and Ru have been investigated utilizing XANES measurements at the Cu-K and
the Ru-K absorption edges. It was found that the Ru oxidation number is close to +4 in all samples, while
the Cu valence linearly decreases from +2 for the titanate (x = 0) to +1.6 for the ruthenate (x = 4).
Additional thermogravimetric measurements have been used to determine the oxygen content and rather
high oxygen excesses up to δ ≈ 0.7 (for x = 0.5) were obtained. The additional oxygen for x < 2 is required
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to compensate the constant Ru +4 valence. Our ﬁndings are in accordance with the reported phase transitions of the magnetic and transport properties. Both the valence shift and the shapes of the absorption
edges suggest a change from localized to itinerant character of the Cu electronic states with increasing x,
while the Ru electrons remain localized. Analogous results concerning the valences were found for the
PryCu3RuxTi4−xO12+δ and NdyCu3RuxTi4−xO12+δ solid-solution series.

1 Introduction
Perovskites with sum formula ABO3 are one prototypical
subject for studies of structure–property relationships in transition-metal oxides. This is due to the fact that a plethora of
diﬀerent compositions can easily be obtained. By this the
physical properties can be tailored via the electronic configuration of A- and/or B-type cation as well as via changes in bond
lengths and bond angles, which are the result of the size mismatch of A- and B-site cations.
The family of cubic AA′3B4O12 compounds (Space group
ˉ, no. 204) can be derived from the perovskite structure by a
Im3
collective rotation of the BO6 octahedra around <111> (according to a threefold tilting a+a+a+ in Glazer’s notation).1,2 This
rotation leads to a strong deformation of 3/4 of the A-sites
resulting in a square-planar coordination for the cations occupying this site, which is therefore denoted as A′. This coordia
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nation geometry is favored by Jahn–Teller active ions like Cu2+
and Mn3+.3 The crystal structure of the AA′3B4O12 perovskites is
depicted in Fig. 1.
The solid-solution series LayCu3RuxTi4−xO12 is a member of
this AA′3B4O12 family and exhibits a rich phase diagram of
physical properties depending on the B-site composition x.4–6
The pure titanate (x = 0) is insulating with a colossal dielectric
constant similar to CaCu3Ti4O12.7–9 Below TN ≈ 25 K an antiferromagnetic long-range order of the localized Cu2+ (S = 1/2)
spin moments occurs. Until x = 0.5 the Néel temperature
decreases linearly and a spin-glass state was identified by acsusceptibility measurements for 0.5 < x < 2.5.10 On the other
hand, for x ≥ 2.5 the ruthenium-rich phases are metallic and
due to electronic correlation eﬀects exhibit heavy-fermion behavior.5 This behavior is usually observed in materials containing 4f or 5f elements due to hybridization of localized
f-electrons and typically s- or p-derived conduction electrons.
Very rarely, transition-metal oxides without f-elements can also
exhibit heavy-fermion properties due to strong correlation
eﬀects of localized and itinerant d-electrons. Examples of
such d derived heavy-fermion materials are LiV2O4 and
CaCu3Ru4O12.11–15 CaCu3Ru4O12 in addition provides nonFermi liquid behavior below 2 K as well as an intermediatevalence behavior caused by d electron fluctuations.16 This
compound is closely related to the LnyCu3RuxTi4−xO12 series
investigated in this work.
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ments under reducing atmosphere. A possible deviation from
the nominal oxygen stoichiometry is denoted as δ in the sum
formula LayCu3RuxTi4−xO12+δ.

Open Access Article. Published on 17 March 2015. Downloaded on 30/04/2018 17:42:54.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

2

Fig. 1 (color online) Crystal structure of LayCu3RuxTi4−xO12. La ions are
shown as large turquoise spheres, while Cu is colored brown and
oxygen is represented by small red spheres. The (Ru/Ti)O6 octahedra are
colored green. In the CuO4 plaquettes grey Cu–O bonds and additional
red lines emphasize the square-planar coordination.

The transition from the Mott-insulating spin-glass state to
the heavy-fermion metal in LayCu3RuxTi4−xO12 was observed at
approximately x = 2.25 and ascribed to a quantum-critical
point at this composition.5,17,18 The appearance of various
phase transitions within a rather small substitution range is
highly attractive for more detailed investigations. The complete
solid-solution series was therefore synthesized with La, Pr, and
Nd occupying the A-site according to the sum formula
LnyCu3RuxTi4−xO12. Up to now, the discussion of Kondo-like
behavior in the ruthenium rich phases based on magnetic
susceptibility, specific heat, resistivity, and magnetic resonance experiments was performed without valence analysis of
Ru or Cu. A detailed study of the oxygen content in these
materials has not been carried out either. There already have
been considerations about the changing valence state of
copper in LayCu3RuxTi4−xO12 in ref. 4. However, distinct
charge-transfer properties similar to CaCu3Ru4O12 were
neither observed in the magnetic susceptibility nor in temperature-dependent crystal-structure data of LnCu3Ru4O12.5,6
It is apparent that physical properties such as electrical conductivity and magnetism react very sensitively on the oxygen
content as well as on the cationic valences. By variation of the
oxygen content, the concentration of free charge carriers can
be controlled and a direct influence on the transport properties of the material is possible. To better understand the
above described variations of the investigated magnetic
properties and the metal-to-insulator transition in
LayCu3RuxTi4−xO12, valences and oxygen stoichiometry have to
be determined. The accurate description of Ru and Cu valence
was performed using X-ray absorption near edge structure
(XANES) studies. In addition, the oxygen content for the La
series was obtained from thermogravimetric (TG) measure-
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Experimental

Polycrystalline samples of LnyCu3RuxTi4−xO12+δ were synthesized by a conventional solid-state reaction using binary
oxides as starting products. La2O3 (Chempur, 99.9%), Pr2O3
(MaTecK, 99.9%), Nd2O3 (Chempur, 99.9%), and RuO2
(Chempur, 99.9%) were dried at 900 °C for 6 hours to remove
water and carbonates. During this pre-drying step Pr2O3
reacted to form the non-hygroscopic Pr6O11. Appropriate
amounts of these oxides were mixed with TiO2 (Aldrich, ≥99%)
and CuO (HelmAG, 99.5%) to achieve 2 g of the final product.
An excess of CuO of roughly 0.3 g per g sample is used as selfflux and was dissolved after the reaction with diluted hydrochloric acid.19 The mixed powders were ground using agate
mortar and pestle and pelletized to avoid reaction with the
crucible material (highly densified aluminium oxide). The
pellets were heated in air at 1040 °C for 96 hours with one
intermediate grinding and pelletizing step after 48 hours.
Phase purity was checked by X-ray diﬀraction. Details of the
excellent purity of the LayCu3RuxTi4−xO12+δ samples have
already been reported in ref. 18. The samples of the other two
series PryCu3RuxTi4−xO12+δ and NdyCu3RuxTi4−xO12+δ are of
equivalent quality (see Fig. 1, 2 in the ESI†).
X-ray diﬀraction patterns of the powder samples were
recorded at room temperature in the angular range 10° ≤ 2θ ≤
150° using a Seifert 3003 TT θ–θ powder diﬀractometer
(Cu-Kα1,2 radiation) equipped with a one-dimensional singleline semiconductor detector (METEOR-1D). A step width of
0.01° 2θ and an integration time of 300 s per data point were
chosen. The Rietveld structure analysis was carried out with
the FullProf program suite.20
For the thermogravimetric (TG) measurements a
TA-Instruments Q500 thermobalance was used. Approximately
30 mg of sample powders were heated in platinum crucibles at
a constant rate of 10 K min−1 from room temperature to
950 °C under forming gas flow of 75 ml min−1 (5% H2 in N2)
and held at this maximum temperature for 15 min. For buoyancy correction a baseline was recorded using roughly 40 mg
of dry Al2O3 and subtracted from the sample measurements.
XANES investigations at the Cu-K (8.979 keV) and the Ru-K
(22.117 keV) absorption edges were carried out in the transmission mode at the beamline X at HASYLAB (DESY,
Hamburg).21 For the measurement appropriate amounts of
sample or reference material were mixed with 20 mg cellulose
and pressed into pellets of 13 mm diameter. For measurements at the Cu-K edge approximately 10 mg of the binary
oxides were used, while for the ACu3B4O12 samples with significantly lower Cu content only 30 mg could be taken to keep
the absorption within a reasonable range. For the Ru-K edge
measurements (at significantly higher energies) the sample
weight varied between 60 mg and 120 mg according to
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0.25 mmol ruthenium. The absorption spectra of CuO and
Cu2O were recorded as references for Cu2+ and Cu1+, respectively. Additional Cu2+ references (isostructural to the investigated samples) were CaCu3Ti4O12 and SrCu3Ti4O12. Diﬀerent
ruthenates were used as Ru4+ and Ru5+ references,6,22 while
Ru-acetylacetonate and Ru-nitrosylacetonate served as trivalent
ruthenium references. All spectra were energy calibrated using
a Cu metal foil or Ru metal powder as simultaneously
measured references. The pre-edge region was used for a linear
fit, which was subtracted from the spectra over the whole
energy range. These background-corrected spectra were normalized with respect to a common region above the edge
energy.

3 Crystal structure and oxygen
stoichiometry
ˉ with statistically
All samples crystallize in the space group Im3
distributed Ti and Ru on the B-site (Wyckoﬀ position 8c: 14 14 14).
The A′- (6b: 0 12 12) and the O-sites (24 g: xy0, x ≈ 0.18, y ≈ 0.31)
are fully occupied with Cu and oxygen, respectively. On the
other hand, the A-site (2a: 000) shows only a 2/3rd occupation
for the pure titanates due to the charge balance. With
increasing ruthenium concentration this site becomes increasingly filled, which is expressed by the parameter y in
LnyCu3RuxTi4−xO12+δ. The relation y = 2/3 + x holds for x ≤ 0.33,
while for x ≥ 0.33 the A-site is fully occupied and, hence, y = 1.
Both the increasing filling of the A-site and the slightly
larger ionic radius of Ru4+ compared to Ti4+ have a strong
impact on the evolution of the cell parameter a as shown in
Fig. 2. A steep increase is observed for x ≤ 0.33 dominated by
the increasing A-site filling. In contrast, a much smaller slope
is found for x ≥ 0.33 reflecting the increasing ruthenium sub-

Fig. 2 (color online) Cell parameter a of the cubic unit cell for LnyCu3RuxTi4−xO12+δ (Ln = La, Pr, Nd). The solid lines (drawn to guide the eye) shift
by a constant value reﬂecting the diﬀerent ionic radii of the Ln3+ ions.
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stitution level (ionic radii with coordination number (CN) 6:
Ru4+: 0.620 Å; Ti4+: 0.605 Å).23 For the Pr- and Nd-series systematically smaller values for a were obtained in agreement
with smaller ionic radii for the Pr3+ and Nd3+ ions (ionic radii
with CN 12: La3+: 1.36 Å; Nd3+: 1.27 Å; Pr3+: 1.179 Å for CN 9
and scaled to CN 12 with factor 1.1 obtained from intrapolation of the corresponding values for La and Nd, resulting in
1.30 Å),23 which is indicated by parallel solid lines in Fig. 2.
The cell-parameter values for the Nd series are in very good
agreement with data reported by Muller et al. in ref. 24. Details
of the structural data such as refinement parameters, bond
lengths and angles as well as the measured XRD patterns are
given in the ESI.†
The oxygen stoichiometry of LayCu3RuxTi4−xO12+δ was
obtained by TG measurements under reducing conditions.
The late (noble) transition-metal cations of Cu and Ru are
completely reduced to the respective metals leading to comparatively large weight losses between roughly 7% and 18%
(see Fig. 3b). In contrast, La3+ and Ti4+ are stable up to the
maximum temperature of 950 °C. Control experiments in synthetic air led to insignificant weight losses (<1.5‰), proving

Fig. 3 (color online) (a) Relative sample weight from thermogravimetric
measurements of LayCu3RuxTi4−xO12+δ for x = 0, 0.5, 1.0, 3.0. The horizontal dashed lines mark the expected weight after reduction according
to the red dashed line in (b). The arrow indicates the shift of the inﬂection point. (b) Left scale: obtained relative weight losses (blue spheres)
and expected values assuming Ru4+ and Cu2+ valences and δ = 0
(dashed red line). Right scale: oxygen excess δ obtained from the diﬀerence between measured and expected weight losses (open blue circles).
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that the samples do not contain any carbonates or hydroxides.
Thus, after the TG measurements La2O3, TiO2, Cu, and Ru are
obtained as confirmed by powder XRD measurements.
The observed weight losses during the TG measurement
occur at diﬀerent temperatures depending on x (Fig. 3a).
Above roughly 700 °C the reaction is completed for all samples
as evidenced by the constant weight values up to the
maximum temperature. For La2/3Cu3Ti4O12 a sudden weight
decrease is observed at roughly 375 °C and the reaction is completed already at approximately 600 °C. Upon Ru substitution
the reduction step becomes much broader and for x ≤ 0.5 its
inflection point is shifted to higher temperatures by roughly
150 °C. By further increasing the Ru content the weight
reduction increases correspondingly and the temperature of
the reduction step is monotonously shifted to lower temperatures (300 °C). This behavior reflects a decreasing shielding
eﬀect as reported for e.g. SrTi1−xRuxO3 and Sr2Ti1−xRuxO4.25
Under the chosen conditions no clearly separated reaction
steps were observed, indicating an almost simultaneous
reduction of Cu and Ru.
The obtained weight-loss values are depicted as blue
spheres in Fig. 3b as a function of the ruthenium content. The
reproducibility of approximately 10 μg for the measurements
and the baseline correction correspond to an error of less than
±0.06%. The experimental data are increasing linearly with x
as marked by a blue solid line resulting from a linear fit. The
value for Δm was determined as the diﬀerence between 50 °C
and 900 °C. For comparison, the theoretical weight loss
was calculated presuming δ = 0 according to the following
equation:
Δ;H2

Lay Cu3 Rux Ti4x O12 ! y=2La2 O3 þ ð4  xÞTiO2 þ 3Cu
þ xRu þ ð4 þ 2x  1:5yÞH2 Oð"Þ
ð1Þ
The fraction of volatile oxygen thus amounts to z = 4 +
2x−1.5y. Using the molar masses of oxygen M(O) and of the
samples before reduction Mi the expected weight losses Δmcalc
can be calculated according to:
Δmcalc ¼ z

MðOÞ
:
Mi

ð2Þ

These values are drawn as a red dashed line in Fig. 3b. The
deviation between the experimental and the calculated data
reveals the presence of excess oxygen for low Ru substitution
levels. In addition, the strongly varying shape of the two curves
is noteworthy, because the kink in the calculated curve caused
by the changing occupation of the Ln-site for x ≤ 0.33 does not
appear for the measured weight-loss values. From the experimental weight losses oxygen excesses up to δ = 0.74 per f.u.
were obtained for x = 0.5 (Fig. 3b, right scales). The value of δ
is calculated according to:

δ¼


1
Mf
1
 z;
1  Δmmeas
MðOÞ
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where Δmmeas is the measured weight loss and Mf is the molar
mass of the non-volatile final reaction products. The occurrence of high oxygen excesses in ACu3B4O12-type perovskites
has already been observed for the system Cu2−xTa4O12+δ where
δ reaches values up to 0.45.26

4 Cation valence determination
using X-ray absorption spectroscopy
The Ru and Cu valences were determined using XANES
spectroscopy. Assuming a constant 2+ oxidation state for the
Cu ions and δ = 0, a Ru valence of nominal +3.75 would result
for LnCu3Ru4O12. In fact, a constant Ru valence close to +4
was reported for LaCu3RuxTi4−xO12 and NdCu3RuxTi4−xO12 in
ref. 6 by XANES measurements at the Ru-LIII absorption edge.
This is in agreement with δ = 0 obtained by thermogravimetry
for the pure ruthenates LaCu3Ru4O12 and NdCu3Ru4O12.19 The
eﬀect of the excess oxygen observed in LnyCu3RuxTi4−xO12+δ on
the valences of Cu and Ru is examined in the following.
4.1

Ru-K edge studies

XANES measurements were performed at the Ru-K absorption
edge for all three A-site cation series (La, Pr, and Nd), which
allows a direct comparison of the Ru-valence properties. The
normalized spectra of the Ru-K edge of selected LnyCu3RuxTi4−xO12+δ samples are shown in Fig. 4 in the ESI.† The edge-shape
is very similar for all samples showing two distinct peaks
which result from the transition from the 1s into the 5p like
orbitals. A pre-edge feature caused by the quadrupole allowed
transitions into 4d states is not observed, which is in agreement with the highly symmetrical octahedral coordination of
the B-site.
At the K-edges the inflection point of the absorption edge
(determined as the first maximum in the first derivative) is
typically used to calculate the valence.27–29 In Fig. 4 the
obtained edge energies are shown as a function of the
nominal ruthenium oxidation state assuming a constant Cu2+
valence. The open symbols correspond to the edge energies of
the reference materials. The observed valence shift for the
references is clearly linear and amounts to ≈ 1.9 eV per oxidation state (similar to ref. 28) as marked by the diagonal solid
line according to the linear relation
ERuK ðkeVÞ ¼ 22:1219 þ 0:0019 ðnominal Ru valenceÞ:

ð4Þ

The additionally shown dashed lines indicate an error
range of approximately ±0.2 eV. As can easily be seen, the edge
energies of the LnyCu3RuxTi4−xO12+δ samples do not vary with
the ruthenium content but remain almost constant at a value
typical for oxides containing Ru4+. The energy value for x = 0.5
of the La series is not shown for graphical reasons, but also
amounts to 22.1297 keV, i.e. close to Ru4+. It can be concluded
that the ruthenium oxidation state is constantly +4 (4d4 configuration) in all samples in agreement with investigations at
the Ru-LIII edge.6
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Fig. 4 (color online) Absorption-edge energies in LnyCu3RuxTi4−xO12+δ
as derived from the Ru-K XANES spectra analysis as a function of the
nominal Ru valence assuming Cu2+. Open circles represent the reference materials.

4.2

Cu-K edge studies

In contrast to the Ru-K edge, the Cu-K spectra depicted in
Fig. 5 show a clear dependence on the substitution level. For
La2/3Cu3Ti4O12 (top) a well-pronounced and sharp structure of
the absorption edge is visible, which remains almost
unchanged up to x = 2.0. A small pre-edge feature denoted as
P is detectable as well as four distinct peak-like
structures denoted A to D. Starting with the spectrum of

Fig. 5 (color online) Normalized Cu-K edge XANES spectra of LayCu3RuxTi4−xO12+δ for selected substitution levels x in steps of 0.5. The spectra
were vertically shifted by 0.1 to increase comparability.
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Fig. 6 (color online) First derivative of the normalized Cu-K edge
XANES spectra of LayCu3RuxTi4−xO12+δ for selected substitution levels x.

LaCu3Ru2.5Ti1.5O12 these peaks become broader and the shape
of the absorption edge of the pure ruthenate (bottom)
becomes visibly smoother.
The derivatives of the Cu-K edge spectra are shown in
Fig. 6. The small pre-edge feature of the excitation in the 3d10L
hole state gradually becomes smaller with increasing x. This
indicates a decreasing number of holes due to a reduced
average valence. The four distinct peaks A–D correspond to
transitions to 4p type orbitals.29–34 However, in peak A a rather
strong contribution of the quadrupole allowed transitions of
4s states to the 4p transitions might be present due to the
square-planar coordination of the copper ions. In agreement
with the increasing softening of the absorption-edge shape
seen in Fig. 6 the peaks broaden and their heights decrease
upon increasing Ru substitution.
The edge energies determined from the maxima of the first
derivatives of peak A (see Fig. 6) for the complete series
LnyCu3RuxTi4−xO12+δ are depicted as a function of the Ru-substitution level in Fig. 7. The edge energies linearly decrease
with increasing x from the pure titanates to the pure ruthenates, which is marked by the solid line. CaCu3Ti4O12 and
SrCu3Ti4O12 were used as Cu2+ references (marked by orange
stars in Fig. 7). For these compounds, the presence of divalent
copper has earlier been confirmed from charge neutrality,
specific heat, magnetic susceptibility, and electron-paramagnetic-resonance (EPR) spectroscopy.35 The edge energies of
these two references and the pure titanates Ln2/3Cu3Ti4O12
(Ln = La, Pr, Nd) are almost equal (±0.2 eV), which proves the
presence of Cu2+ ions in pure titanates. These XANES results
are in agreement with EPR measurements reported in ref. 36.
Absolute values for the copper oxidation states can be
obtained using the diﬀerence of the absorption edge energies
between Cu2O and CuO as references for Cu1+ and Cu2+. This
diﬀerence amounts to 3.1 eV from our own measurements,
which is in good agreement with the average diﬀerence of
3.3(2) eV reported in literature.30,37–39 From the linear fit
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Fig. 7 (color online) Cu-K absorption edge energies of LnyCu3RuxTi4−xO12+δ. The solid line marks the linear decrease with increasing Ru
content. On the right scale the estimated copper valence determined
from the edge shift is marked. For details see text.

shown in Fig. 7 a decrease of the edge energy by ΔE ≈ 1.3 eV
between x = 0 and x = 4 is obtained. Using this value, a Cu
valence of approximately +1.6 for the pure ruthenates can be
calculated according to ΔE/[E(CuO) − E(Cu2O)] = 1.3/3.1 ≈
0.42. In other words, the nominal copper oxidation state
decreases linearly by 0.1 per integer value of x upon substitution as illustrated by the right scales in Fig. 7. The value of
+1.6 for LnCu3Ru4O12 is in good agreement with the calculated
valence of +1.67 assuming Ru4+ and δ = 0.
The non-integer oxidation state could be a hint for the existence of mono- and divalent Cu ions. However, the absorptionedge spectra do not provide any shoulders or additional steps
indicating a coexistence of Cu1+ and Cu2+ as found e.g. for
rapidly cooled samples of the closely related system
Cu2+xTa4O12+δ.6 This result reveals that all Cu ions possess the
same average valence supporting arguments of increasing itinerancy of electrons for increasing Ru content reported for this
system.4,6
The XANES results for the LnyCu3RuxTi4−xO12+δ series are
remarkably diﬀerent from the results of the valence evolution
observed for the perovskite-related Ruddlesden–Popper system
La2−xSrxCu1−yRuyO4−δ with mixed Ru/Cu-site. These compounds contain divalent copper and provide a change of the
Ru valence between +4 and +5 depending on the substitution
levels.22,40,41
4.3

Comparison of TG and XANES results

The Cu oxidation state obtained by XANES spectroscopy can be
compared with the one from the TG weight loss assuming
fixed tetravalent Ru. The obtained valence of copper is
depicted in Fig. 8. The solid line marks the oxidation state
resulting from the energy shift of the Cu-K absorption edge.
The TG data and XANES results are generally in good agreement within the estimated experimental uncertainties except
for the samples with low Ru substitution levels x = 0.5 and x =

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 (color online) Nominal Cu valence of LayCu3RuxTi4−xO12+δ determined from XANES (solid line) and TG analysis (symbols) assuming tetravalent Ru.

1.0, which according to the TG results would show a higher
valence than expected. This may be explained by a small oﬀstoichiometric amount of Cu in the samples, which is most
likely incorporated on the A-sites due to the sample preparation using a CuO flux. It should be kept in mind that for δ =
0 a constant Cu valence of +1.67 would result for x ≥ 0.1, a behavior, which is clearly not observed.

5

Conclusions

The combination of TG and XAS investigations provides important information on the mixed valence states of copper
and ruthenium containing oxides.42 It was found that in
LnyCu3RuxTi4−xO12+δ (Ln = La, Pr, Nd) considerable amounts of
excess oxygen up to δ ≈ 0.7 can be incorporated. This finding is
in accordance with earlier reports on Cu2+xTa4O12+δ.26
XANES investigations at the Ru-K edge confirm a constant
oxidation state of +4 for ruthenium, independent of the La/Ru/
Ti-composition. On the other hand, the oxidation state of
copper was found to vary between +2 for the pure titanates
Ln2/3Cu3Ti4O12 and +1.6 for the ruthenates LnCu3Ru4O12.
Lower Cu valences for the Ti-rich compounds are avoided by
the excess oxygen content δ. Small deviations between copper
oxidation numbers obtained from thermogravimetry and X-ray
absorption spectroscopy at low x values may derive from
additional Cu ions on the A-site.
Our results are of high importance for the interpretation of
the electronic and magnetic properties of the LayCu3RuxTi4−xO12+δ samples. The observed metal-to-insulator transition as
well as the variation of magnetic properties depending on the
ruthenium content are in accordance with constant Ru and
changing non-integer Cu valences.4,5,18 Due to the decreasing
Cu oxidation state the itinerancy of the 3d electrons increases
with the increasing Ru substitution level until the transition to
the metallic heavy-fermion behavior is observed at x ≈ 2.25.17
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Even in this heavy-fermion phase a change of the Kondo
physics can be observed, which is closely related to the varying
electronic properties in the correlated Cu and Ru systems.18 In
contrast, the copper valence in the related CaCu3Ru4O12 was
determined to be +2,43 which evidences varying electronic correlations driving the heavy-fermion properties in the
ACu3Ru4O12 compounds depending on the element occupying
the A-site. This was also reported by Mizumaki et al.44 where
an increasing number of O 2p holes and decreasing chargetransfer energy for LaCu3Ru4O12, CaCu3Ru4O12, and
NaCu3Ru4O12 were found. Furthermore, in agreement with the
changing number of hole states a duality of localized and itinerant character of the Cu 3d electrons was concluded as it is
evidenced by this work as well. Also, since the Pr and Nd
series provide similar electronic, magnetic, and valence properties like LayCu3RuxTi4−xO12+δ, analog oxygen stoichiometries and heavy-fermion physics can be assumed and
deserves more detailed investigation.
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