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1. Introduction

Since the discovery of ferromagnetism coexis-

ting with superconductivity in rutheno-cuprates,

many reports on RuSr2R2�xCexCu2O10þd (Ru-

1222) and RuSr2RCu2O8 (Ru-1212) where R is

Gd, Eu or Y [1–12], have been given. These com-

pounds were first synthesized by Bauerfeind et al.
[13,14] and are the only high-Tc compounds where
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the magnetic ordering temperature is much higher

than the superconducting transition. The Ru-1212

compounds contain Cu double layers with the

Gd(Eu) sandwiched in between. The copper ions

are in the basal plane of oxygen half pyramids,

which are connected to ruthenium in an octahedral

environment. Hence, in these rutheno-cuprates,

the RuO2 layers replace the CuO chains of the
R123 high-Tc cuprates as charge reservoir. In the
case of Ru5þ (4d3, S ¼ 3=2), the CuO2 layers
would be built up by Cu2þ and the Ru-1212

compounds would be insulators. Assuming hole

doping of the copper planes, mixed valence

behavior (Ru4þ/Ru5þ) of the ruthenium ions is the
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direct consequence. Ru4þ corresponds to a 4d4

configuration yielding a spin S ¼ 1 [15–17].
Neutron diffraction experiments [9,10] below

TN revealed a G-type antiferromagnetic (AFM)

structure for the Ru sublattice, with an ordered

moment of the order of 1 lB. The Gd ions order
independently below 2.5 K also with a G-type spin

configuration. Both diffraction studies put an up-

per limit of 0.1 lB [9] or 0.3 lB [10] to any net zero-
field ferromagnetic (FM) moment. Later on, from

low-field magnetization measurements on RuSr2-

EuCu2O8 it has been concluded that the FM mo-

ment is of the order of 0.05 lB/Ru at 5 K [11].

The origin of the FM moment is still unclear.
Of course, weak ferromagnetism can have its

origin in the Dzyaloshinski–Moriya interaction.

There is an ongoing dispute if the symmetry of the

Ru-1212 compounds allows for a non-zero anti-

symmetric superexchange [9]. Another source of

providing a canting of the Ru spins would be

the double-exchange interaction. In principle, the

mixed valence behavior of the RuO2 planes makes
such an interaction plausible, which is responsible

for the occurrence of ferromagnetism in the Mn

perovskites and dominates the phase diagram of

LaMnO3 at low doping levels where it gives rise to

an insulating canted antiferromagnet [18]. And

indeed, recently the double-exchange mechanism

has been proposed to be responsible for the weak

ferromagnetism in the rutheno-cuprates [19]. Fi-
nally, based on detailed NMR studies [16] the

possibility of ferromagnetism in a charge-ordered

state of the RuO2 planes has been suggested.

The bulk superconductivity originates from the

CuO2 bilayers [12,21] and the Ru-1212 system be-

haves as a typical underdoped high-Tc supercon-
ductor [12,21]. Pickett et al. [7] pointed out that the

layers carrying superconductivity and magnetism
are thin enough to warrant the coexistence of the

two properties in the same unit cell. This implies

that the magnetic coupling perpendicular to the

layers is weak enough to allow for superconduc-

tivity. There is no clear evidence that Ru-1212 ex-

hibits a bulkMeissner state (MS) [22–24]. However,

Bernhard et al. [12] reported that for T < 30 K and
in external fields H 6 30 Oe there is a sizable
amount of diamagnetic signal corresponding to a

MS. The possible existence of a self-induced vortex
state has recently been put on firm grounds by

NMR investigations of RuSr2YCu2O8 [20].

The effect of doping on the physical properties

of rutheno-cuprate systems has been investigated

by several groups [22,25–27,29,33]. The supercon-

ducting and magnetic properties of Ru-1212 are
strongly affected by the type of dopant and by the

substitutional site. Focusing first on substitutional

series at the Ru site, McLaughlin and Attfield [26]

prepared Ru1�xSnxSr2GdCu2O8 and investigated

the effect of Sn defects on superconductivity and

ferromagnetism. They observed that Sn suppresses

the ferromagnetic moment in the Ru layers and

that the N�eeel temperature (TN) decreases from 138
K in the pure compound to 78 K for x ¼ 0:4. On
the other hand, the superconducting transition

temperature (Tc) is increased from 36 K in the

undoped material (x ¼ 0) to 42 K for x ¼ 0:2.
These results were attributed to the diamagnetic

properties of the Sn ions that do not contribute to

the magnetic properties and therefore the total

magnetic moment in the RuO2 layers is reduced.
Furthermore, the enhancement of the supercon-

ductivity in Sn-doped compounds may reflect the

fact that the hole density in the copper planes

becomes increased. This result is different from

observations in Nb-doped compounds [34] in

which the substitution of Ru by Nb decreases both

TN and Tc. Also the variation of the room-tem-
perature Seebeck coefficient on Nb or Sn doping is
different. Most probably the number of holes is

increased for Sn, but decreased for Nb doping.

Similarly, the magnetic and superconducting pro-

perties of Ru1�xMxSr2GdCu2O8, with M¼Ti,
V and Nb for x ¼ 0:10 and 0.20, have been in-
vestigated by Rijssenbeek et al. [27] and Malo et al.

[29]. It was noticed that the solubility range of

these cations depends on their oxidation states and
ionic radius. Because of the limited solubility of Ti,

impurity peaks in the X-ray diffraction data due to

the formation RuSrO3 showed up [29]. Both Tc
and TN are strongly affected by doping and were
found to decrease for Ti and Nb, but are enhanced

for V. The superconductivity was fully suppressed

for Ti concentrations xP 0:1.
This behavior differs strongly from doping at the

Cu or Sr site, respectively. E.g. substituting 3% Zn

for Cu is sufficient to suppress superconductivity
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due to pair breaking [30]. The extreme sensitivity

of superconductivity towards Zn doping is well

known from other high-Tc materials and has been
studied in detail for the YBCO and LSCO systems

[31,32]. Moreover, the superconducting state of

Ru-1212 is also very susceptible to defects at the Sr
site. Superconductivity is suppressed as well by

substituting 3% La for Sr but due to a different

mechanism: here the charge carriers in the CuO2
planes are strongly reduced due to an efficient

defect trapping [33].

Electron doping can be achieved by substituting

Ce4þ for Gd3þ and it has been shown that in this

case Tc is lowered while the AFM transition tem-
perature is increased [35]. The successful synthesis

of Ru1�xSr2GdCu2þxO8 has been reported by

Klamut et al. [22]. When Cu is substituted for Ru

the superconducting phase transition is strongly

enhanced, reaching values close to 70 K for

x ¼ 0:7. At the same time, long-range magnetic
order is strongly suppressed and TN is shifted well
below the superconducting transition temperature.
We think it is worthwhile to perform further

detailed and systematic doping experiments to

elucidate the magnetic properties of the rutheno-

cuprates. Substitutional defects, depending on

their spin value, should enhance or decrease the

magnetic ordering transition. Especially, the va-

lence and spin state of the dopants should give

some hints on the origin and nature of the ferro-
magnetic moment in Ru-1212. In addition, the

substitution of Ru by non-isoelectronic defects

also changes the charge reservoir and hence may

also influence the superconducting properties.

Substituting Ti4þ (3d0) for ruthenium will slightly

increase the hole doping and, as a consequence,

should slightly increase Tc. But certainly the re-
placement of Ru by an ion with an empty d-shell
will weaken the magnetic interaction and we ex-

pect a significant reduction of TN. Concerning the
effects of rhodium substitution we expect a similar

increase of the hole doping: in oxides the valency

of Rh is 3+ or 4+ and we expect that the most

stable configuration Rh3þ will replace Ru4þ/Ru5þ.

Concerning the magnetic properties, in an octa-

hedral environment Rh3þ (4d6) constitutes a non-
magnetic S ¼ 0 state and we expect a similar

reduction of TN as for Ti doping.
2. Experimental

Both pure and doped samples were prepared by

employing conventional solid sate reactions [14].

Stoichiometric amounts of high purity powders of
RuO2, SrCO3, Gd2O3, CuO, TiO2 and Rh2O3 were

used. After drying Gd2O3 at 1000 �C for 15 h, the
powders were mixed in an appropriate ratio and

calcinated at 930 �C in air. The products of the

pure (RuSr2GdCu2O8) and doped (Ru1�xMx-

Sr2GdCu2O8 where M¼Ti and Rh for 06 x6 0:2)
compounds were ground, pressed into pellets and

heated for 12 h at 1020 �C in nitrogen [14] or pure
argon [25] respectively to reduce the parasitic

RuSrO3 phase. The pellets were then reground into

fine powders and put into a furnace at 1040 �C for
12 h in oxygen flow, followed by slow cooling. The

sintering process was repeated twice at tempera-

tures of 1050 and 1055 �C with intermediate

grindings. Finally the samples were again pressed

into pellets and annealed for six days at 1060 �C in
oxygen and cooled slowly to room temperature

with a rate of 30 �C/h.
All samples were characterized by X-ray pow-

der diffraction with a Stoe X-ray diffractometer

using the Cu-Ka radiation (k ¼ 1:5406 �AA). The
measurements were performed at room tempera-

ture for 20�6 2h6 80� with steps of 0.02�. The
X-ray data were analyzed by standard Rietveld
refinement. From these powder X-ray diffraction

measurements we infer a better sample quality of

the doped compounds for a heat treatment in pure

argon. Therefore, the following results refer to

these samples only. The measurements of DC

magnetic susceptibilities were performed employ-

ing a Quantum Design SQUID. The DC resistivity

was determined in the temperature range 2
K < T < 300 K by a standard four-probe method.
3. Results and discussion

3.1. Crystal structure

The X-ray diffraction patterns of some repre-

sentative doped compounds of Ru1�xMxSr2-

GdCu2O8 with M¼Ti and Rh are shown in Fig. 1.
For low doping levels (x6 0:05 for M¼Ti and



Fig. 1. Room temperature X-ray diffraction pattern of

Ru1�xMxSr2GdCu2O8, where M is Ti (x ¼ 0:075 and 0.1) and
Rh (x ¼ 0:1 and 0.2) employing Cu-Ka radiation (k ¼ 1:5406
�AA). The vertical bars of each diagram denote the peak positions

due to space group P4/mmm. The results of the Rietveld anal-

ysis are indicated as solid lines. The difference patterns are

indicated at the bottom of each pattern.
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x6 0:10 for M¼Rh, respectively) all investigated
compounds are single phase. For a few com-

pounds at high doping concentrations, weak ad-

ditional intensities are observed close to 2h ¼ 31:5�
or 2h ¼ 44� (see lower panel of Fig. 1). For
M¼Ti, the emergence of secondary phases at high
doping concentrations has been attributed to the

limited solubility of Ti ions [29]. Based on the X-
ray diffraction data alone it is not possible to un-

ambiguously identify the spurious phases. In the

literature, these additional reflection are attributed

to residual amounts of either RuSrO3 [13] or

Gd2CuO4 [36,37]. These compounds reveal mag-

netic order around 165 and 260 K, respectively.
RuSrO3 is a robust itinerant ferromagnet and it

has been shown in detail that admixtures of

SrRuO3 to Ru-1212 induce pronounced changes of

its magnetic behavior [39]. However, we found no

anomalies in the magnetic measurements close to

these temperatures, indicating that the amount of
spurious phases is marginal.

All investigated compounds exhibit tetragonal

symmetry described by space group P4/mmm with

atoms located at Wyckoff positions (1b)ð0; 0; 1=2Þ
for Ru, Ti or Rh, (2h)ð1=2; 1=2; zÞ for Sr,

(1c)ð1=2; 1=2; 0Þ for Gd, (2g)ð0; 0; zÞ for Cu,

whereas oxygen ions are distributed among the

(8s)ðx; 0; zÞ, (4i)ð0; 1=2; zÞ and (4o)ðx; 1=2; 1=2Þ po-
sitions, respectively. The results of the refinements

of the X-ray diffraction patterns of Ti and Rh

samples are summarized in Tables 1 and 2, re-

spectively. No significant difference of the bond

angle / is detected for the Rh- and Ti-doped

compounds, despite the different atomic size of

these cations. The crystallographic structure is

closely related to that of other 1212-type cuprate
superconductors. The RuO6-octahedra are con-

nected via their apical oxygen ions with the CuO5
square pyramids. The Cu–O–Ru bond angle,

which characterizes the distortion of the RuO6-

octahedra, is essential for both the magnetic ex-

change interaction and the charge transfer between

Ru–O and Cu–O layers. The changes in the lattice

parameters, as well as the Cu–O–Ru bond angle
are marginal within the investigated concentration

range of Ti and Rh doping.

3.2. DC resistivity

The normalized resistivity values of all investi-

gated compounds are shown in Fig. 2 (Ti-doping:

upper frame; Rh-doping: lower frame). Due to

microcracks in the ceramic samples, the absolute

values of resistivities may not be very reliable and

the room-temperature normalization is used to

reveal the different temperature dependencies of
the resistivity of the different samples. The pure

compound is included in both frames for com-

parison with the doped samples. For both series,

the resistivity increases with increasing doping.

The doped samples reveal superconductivity until

x ¼ 0:075 for Ti and x ¼ 0:15 for Rh-doping,



Table 1

Crystallographic properties of Ru1�xTixSr2GdCu2O8 for x ¼ 0, 0.01, 0.03, 0.05, 0.075 and 0.10 as obtained by Rietveld refinements of
powder X-ray diffraction patterns recorded at room temperature employing the tetragonal space group P4/mmm

x 0 0.01 0.03 0.05 0.075 0.10

a (�AA) 3.8399(2) 3.8378(2) 3.8373(2) 3.8387(2) 3.8386(1) 3.8435(2)

c (�AA) 11.5766(6) 11.5686(7) 11.5683(5) 11.5649(8) 11.5639(3) 11.5603(7)

V (�AA3) 170.7 170.4 170.3 170.4 170.4 170.8

z(Sr) 0.3108(7) 0.3091(6) 0.3121(5) 0.3097(7) 0.3122(5) 0.3136(5)

z(Cu) 0.1484(9) 0.1499(9) 0.1496(8) 0.1520(10) 0.1490(9) 0.1505(9)

x(O1) 0.041(39) 0.014(14) 0.051(60) 0.035(40) 0.002(20) 0.030(40)

z(O1) 0.338(3) 0.329(3) 0.337(3) 0.330(4) 0.334(3) 0.333(4)

z(O2) 0.123(2) 0.123(2) 0.124(2) 0.120(2) 0.129(2) 0.119(2)

x(O3) 0.117(12) 0.120(12) 0.130(10) 0.114(15) 0.139(11) 0.141(13)

/(Ru–O–Cu) 171(4) 176(4) 169(4) 172(4) 179(4) 173(4)

Ti Con. (%) 0 (fix) 1 (fix) 3.5(5) 5.8(5) 8.9(5) 9.5(5)

RBragg (%) 5.86 4.78 5.8 7.46 4.98 7.48

Listed are the lattice constants a (¼ b) and c, the unit-cell volume V , the positional parameters (for atoms with refinable position
parameters only), the angle / of the Cu–O–Ru bond, the Ti concentration as determined from refined occupancy values, and the Bragg
reliability factors RBragg of the crystallographic structures.

Table 2

Crystallographic properties of Ru1�xRhxSr2GdCu2O8 for x ¼ 0, 0.05, 0.075, 0.1, 0.15 and 0.2 as obtained by Rietveld refinements
employing the tetragonal space group P4/mmm

x 0 0.05 0.075 0.1 0.15 0.2

a (�AA) 3.8399(2) 3.8375(1) 3.8362(1) 3.8374(1) 3.8367(1) 3.8368(2)

c (�AA) 11.5766(6) 11.5709(6) 11.5653(6) 11.5643(3) 11.5649(5) 11.5559(9)

V (�AA3) 170.7 170.4 170.2 170.3 170.2 170.1

z(Sr) 0.3108(7) 0.3096(6) 0.3113(6) 0.3102(5) 0.3312(6) 0.3113(9)

z(Cu) 0.1484(9) 0.1488(9) 0.1475(9) 0.1429(8) 0.1463(9) 0.1472(14)

x(O1) 0.041(39) 0.019(48) 0.014(72) 0.015(54) 0.054(62) 0.047(44)

z(O1) 0.338(3) 0.331(3) 0.333(3) 0.333(3) 0.333(3) 0.335(6)

z(O2) 0.123(2) 0.123(2) 0.127(2) 0.125(2) 0.127(2) 0.125(3)

x(O3) 0.117(12) 0.120(12) 0.135(14) 0.140(11) 0.129(11) 0.125(24)

/(Ru–O–Cu) 171(4) 176(4) 177(4) 176(4) 168(4) 170(4)

Rh Con. (%) 0 (fix) 5 (fix) 7.5 (fix) 10 (fix) 15 (fix) 20 (fix)

RBragg (%) 5.86 7.51 6.83 5.45 7.91 8.65

Listed are the lattice constants a (¼ b) and c, the unit-cell volume V , the positional parameters (for atoms with refinable position
parameters only), the angle / of the Cu–O–Ru bond, and the Bragg reliability factors RBragg of the crystallographic structures. Due to
the small difference of only one electron between Ru and Rh the measurements did not allow for a refinement of the doping

concentration.
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respectively. The resistivity of the pure sample

decreases with decreasing temperature, passes

through a shallow minimum at T ¼ 87 K and then
slowly increases before the onset of superconduc-

tivity at Tc ¼ 50 K. Asimilar behavior is observed
for all superconducting Ti- and Rh-doped sam-

ples. The shallow minimum is shifted to higher

temperatures for increasing x. The highest doped
samples x ¼ 0:1 (Ti) and x ¼ 0:2 (Rh) show a

semiconducting behavior.
The resistivity of the 10% Ti-doped sample is

shown in the inset of Fig. 2 for the full tempera-

ture range. It is obvious from the inset that the

resistivity always increases with decreasing tem-

peratures. Malo et al. [29] show a negative, dia-
magnetic signal in the ac magnetic susceptibility

at a stimulus of Hac ¼ 0:01 Oe and a frequency
m ¼ 133 Hz for 10% Ti. We did not observe any

traces of superconductivity in the resistivity, and

either in the zero field cooled (ZFC) susceptibility
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for this sample. These different results may be at-

tributed to the different preparation routes which
play an important role for the superconducting

and magnetic properties of Ru-1212 [39–41].

Nevertheless, it is remarkable that in our case al-

ready 10% Ti-doping leads to a completely insu-

lating behavior which demonstrates the closeness

of Ru-1212 to a metal-to-insulator transition

(MIT).

All compounds reveal a non-linear temperature
dependence for T > Tc unlike other high-Tc su-
perconductors (HTSC) [38]. In the literature de-

viations from a linear resistivity behavior are

sometimes discussed within the context of a nor-

mal-state pseudo-gap for underdoped samples

[28]. In our case the polycrystalline character of

the samples prevents a detailed analysis of such

features, as the anisotropic transport properties of
the c-axis and the ab-plane, respectively, cannot be
separated. Moreover, a significant contribution of

defects to the electrical transport or a segregation

into insulating phases at the grain boundaries

cannot be excluded in the present case of ceramic

samples. Such a defect dominated transport may

also account for deviations from a purely ther-
mally activated conductivity, as it is evidenced by

an Arrhenius-type representation of the resistivity

in the inset of Fig. 2. On the other hand, the

doping phase diagram of Y1�xCaxBa2(Cu1�yZny)3-

O7�d has recently been investigated by transport

measurements employing polycrystalline samples

[42]. The results were relatively insensitive of

doping concentration and crystalline state, as good
agreement has been found to previously published

resistivity data of single crystals [42]. Furthermore,

optical spectroscopy of RuSr2GdCu2O8 showed a

suppression of the optical conductivity spectral

weight at low frequencies below a characteristic

temperature of T � ¼ 90 K [21]. Though more

pronounced in other high-Tc superconducting

compounds, this characteristic behavior is consis-
tent with the opening of a normal state pseudo-gap

in Ru-1212 [21]. Though we have to critically

consider the above mentioned difficulties in inter-

preting resistivity data from ceramic samples, the

present transport data seem to be consistent with

the scenario of a normal state pseudo-gap in doped

Ru-1212, as found in other high-Tc materials
[11,42].
For all investigated samples, an upturn of the

resistivity just above Tc can be detected on de-
creasing temperature and the corresponding min-

imum, which separates oq=oT > 0 from oq=oT < 0
is shifted towards higher temperatures for higher

doping. Similar features of the resistivity as found

for the presently investigated Ru-1212 systems

were observed also for Ru(Sr1�xLax)2GdCu2O8
[33]. In principle, the substitution of Ti4þ and Rh3þ

for mixed valent Ru4þ/Ru5þ is expected to increase

Tc with increasing x due to the increase of the hole
concentration towards optimal doping. This is

different from electron dopants like La3þ substi-

tuted for Sr2þ or Ce4þ substituted for Gd3þ, where

the superconductivity is suppressed rather fast due

to the reduction of the charge carrier density
[25,33]. We speculate that the main reason for the

decrease of Tc under doping of Rh or Ti is the



0.0

1.5

3.0

0 200 400
0.0

1.5

Ru1-xTixSr2GdCu2O8

x = 0
0.01
0.03
0.05
0.075
0.10

χ 
(e

m
u/

m
ol

) 0 200 400
0

20

40 H = 1000 Oe

1/
χ 

(m
ol

/e
m

u)

x = 0
0.05
0.075
0.10
0.15
0.20

Ru1-xRhxSr2GdCu2O8

T (K)

0 200 400
0

20

40

x = 0.15

θ Gd  = -4K
µeff(Gd) = 7.94 µ

B

µeff(Ru) = 2.89 µ
B

θRu = 120 K

1/
χ 

(m
ol

/e
m

u)

Fig. 3. The temperature dependence of the DC susceptibilities

(v) of Ru-1212 (upper frame for Ti and lower one for Rh-doped
compounds). The inset of the upper frame shows the inverse

DC magnetic susceptibilities 1=v vs. temperature (2–400 K) for
all investigated Ti samples, while the inset in the lower frame

shows exemplarily the fitting employing two independent

Curie–Weiss fitting contributions for x ¼ 0:15 Rh.

                                    77
atomic disorder induced by the dopants. Defect

assisted trapping may thus lead to an effective re-

duction of the charge carrier density. The influence

of disorder on the mobility edge is especially im-

portant due to the low carrier density and the

closeness of a MIT even in pure Ru-1212.

3.3. DC magnetic properties

DC magnetic susceptibilities of the pure and
doped compounds were measured in an applied

magnetic field of 1 kOe. Fig. 3 represents the

temperature dependence of the DC magnetic sus-

ceptibility v of the Ti (upper frame) and Rh (lower
frame) doped compounds. The insets show the

inverse magnetic susceptibility 1=v of all Ti sam-
ples and of the Rh sample with x ¼ 0:15. It is
worthwhile to note that the substitution of Ru by
Ti or Rh leads to a dilution of the magnetic RuO2
layers and the magnetic ordering temperatures

shift to lower temperatures on increasing x. The
lowering of the magnetic ordering temperature is

accompanied by a continuous decrease of the fer-

romagnetic magnetization for increasing doping

concentration. The substitutional cations probably

break the Ru–O–Ru antiferromagnetic interaction
paths resulting in a decrease of TN. Due to the non-
magnetic electronic configuration of both Rh3þ

and Ti4þ, TN changes similarly in the two substi-
tutional series. We attempted to fit the inverse

magnetic susceptibility by using two independent

Curie–Weiss contributions to calculate the effec-

tive paramagnetic moment of Ru ions, as well as to

get an estimate of the ordering temperature of all
doped compounds. The magnetic parameters of

Gd ions were fixed [33] at an effective paramag-

netic moment leff ¼ 7:94 lB and a Curie–Weiss
Table 3

Magnetic properties of Ru1�xTixSr2GdCu2O8 (upper frame) and Ru1

x(Ti) 0 0.01 0.03

leff (lB) 2.89(23) 3.08(32) 2.86(29)

h (K) 134.0(4) 131.0(5) 127.0(4)

x(Rh) 0 0.05 0.075

leff (lB) 2.89(23) 2.99(30) 3.03(35)

h (K) 134.0(4) 130.0(4) 125.0(6)

The parameters were obtained by fitting v�1ðT Þ data, as shown in
contributions from Ru and Gd sublattices, respectively. The paramet
constant H ¼ �4 K. Arepresentative fit is shown
in the lower inset of Fig. 3. The fitting parameters

of the Ti- and Rh-doped compounds are given in

Table 3. For both doping series the paramagnetic

moment is slightly increasing, but is always close
to a value of 2.8 characteristic for a spin S ¼ 1
system. One would expect that the moment
�xRhxSr2GdCu2O8 (lower frame)

0.05 0.07 0.10

3.08(38) 2.75(29) 3.31(19)

118.0(8) 116.0(5) 127.0(13)

0.10 0.15 0.20

3.48(51) 2.89(24) 3.14(37)

117.1(4) 120.0(4) 116.0(9)

the inset of Fig. 3, employing two independent Curie–Weiss

ers of Gd ions; leff ¼ 7:94 lB and H ¼ �4 K were kept fixed.
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becomes slightly reduced when doping 10% (Ti) or

20% (Rh) non-magnetic (S ¼ 0) impurities. This is
not observed. However, the Curie–Weiss temper-

ature becomes reduced which indeed is expected.

The temperature dependencies of zero field

cooling (ZFC) and field cooling (FC) branches as
measured in an external field of H ¼ 5 Oe are
shown in Fig. 4 for all compounds investigated. At

TN there is a clear splitting of FC and ZFC sus-
ceptibilities. All superconducting compounds ex-

hibit a diamagnetic signal in the ZFC branches at

temperatures significantly smaller than Tc as de-
termined from the resistivity measurements. This

behavior is attributed to the reduction of Hc1 due
to impurity scattering or grain-size effects within

the polycrystalline ceramic samples [12]. Most of

the doped samples show also a diamagnetic con-

tribution in FC magnetization curves but there is

no evidence for a complete MS due to the presence

of a spontaneous vortex phase (SVP) [12,20].
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Fig. 4. Field cooling (FC) and zero field cooling (ZFC) branches

for all Ti (upper frame) and Rh (lower frame) compounds (in-

cluding the undoped compound) in an external field ofH ¼ 5 Oe.
3.4. Phase diagram

Finally, Fig. 5 shows the ðx; T Þ-phase diagram
for the doped Ru-1212 system including our

previous results on La-doped samples [33]. The
superconducting transition temperature was de-

termined as the mid-point [43] of the resistivity

decrease towards zero resistance (Fig. 2). It is clear

that TN and Tc depend on the substitutional cation
and on the element for which it is substituted. For

La3þ doping, superconductivity appears only in a

narrow doping range (x6 0:03), while the magnetic
ordering temperature is enhanced with increasing
x. On the other hand, substituting Ru by Ti4þ (3d0)
or Rh3þ (4d6) reduces the magnetic ordering tem-

perature of RuO2 layers but SC survives for a

considerable range of doping concentrations

(x6 0:075 for Ti and x6 0:15 for Rh). It becomes
clear from Fig. 5 that 10% Ti suppresses super-

conductivity, while for the same effect 20% Rh

is needed. It also seems that magnetic order is
stronger influenced by Ti than by Rh doping.
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Fig. 5. Generalized phase diagram of the Ru-1212 system.

Plotted is transition temperature vs. doping concentration for

different dopants. The doping parameter y (from zero to the

left) denotes a decrease of the hole concentration in the system

Ru(Sr1�yLay)2GdCu2O8. The doping parameter x corresponds
to an increase of the charge carrier density in the systems

Ru1�xMxSr2GdCu2O8 with M¼Ti (upper scale, 06 x6 0:1)
and Rh (lower scale, 06 x6 0:2). The shaded areas represent
the crossover regions from insulating to metallic behavior as

evaluated from oq=oT for temperatures well above Tc.
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Above Tc up to the magnetic ordering temperature,
a weak ferromagnetic metallic (WFM) phase is

observed. Close to the critical concentration,

where the superconductivity becomes suppressed,

a weak ferromagnetic insulator (WFI) shows up.

Furthermore, the system is a paramagnetic metal
(PM) at temperatures above the magnetic ordering

temperatures of the superconducting samples but

becomes a paramagnetic insulator (PI) at the

critical concentration and low temperatures. For

typical underdoped high-Tc superconductors, the
superconducting transition temperature Tc � 45 K
corresponds to a charge carrier concentration of

approximately 0.1 holes per Cu ion [26]. The rare
earth ions are expected to be trivalent, whereas, as

usual, the SrO layers are assumed to be charge

neutral. Then charge balance implies a mixed

valency of Ru ions, as observed experimentally

[15–17], with 20% Ru4þ and 80% Ru5þ ions. It is

obvious that superconductivity is strongly affected

by La doping. La3þ substitutes Sr2þ and reduces

the hole concentration in the CuO2 planes [33].
Rh3þ and Ti4þ increase hole doping and one would

expect that Tc increases. Probably due to disorder
and localization effects this is not the fact. How-

ever, in case of hole doping superconductivity

survives much longer than in case of electron

doping and for Rh3þ superconductivity still can be

observed for doping levels x ¼ 0:15.
4. Conclusions

We have presented a detailed investigation of

structural, electronic and magnetic properties of

Ti- and Rh-doped Ru-1212 compounds. There is

no significant change of the lattice parameters or

of the Ru–O–Ru bond angle / within the con-
centration range investigated. The results were

compared with La-doped compounds and a phase

diagram for Ru-1212 system is constructed. The

relation between superconductivity and ferro-

magnetism in this system is still not fully under-

stood, but the RuO2 layers play an important role,

as well as the bond angle / of Ru–O–Cu and the
bond length of Cu–O.
Both, Ti and Rh dopants reduce the ferro-

magnetism and the superconductivity but at a
different rate due to the difference of their elec-

tronic configuration. These results are consistent

with Nb-doped compounds as reported earlier

[34]. Despite the fact that the hole concentration is

increased, the superconducting transition temper-

ature decreases for both dopants, most probably
due to disorder that prevents charge delocalization

between adjacent RuO2 and CuO2 layers.

Even without considering superconductivity, it

should be emphasized that the magnetic properties

of Ru-1212 themselves are rather unusual. Mag-

netic measurements show typical features of a

ferromagnetic system (in particular an abrupt in-

crease of the magnetization in small external fields,
as well as a positive Curie temperature) despite an

overall antiferromagnetic structure, as determined

by neutron diffraction [10]. Alternatively to a static

spin canting producing a ferromagnetic compo-

nent, the magnetism of Ru-1212 has also been

analyzed in terms of double exchange [19].

The electronic structure of Ru-1212 is then

composed of antiferromagnetically arranged lo-
calized spins at each Ru site (corresponding to

Ru5þ) and additional itinerant electrons (repre-

senting Ru4þ). Within the double exchange model,

the itinerant electrons are ferromagnetically cou-

pled to the localized spins. The ferromagnetic

properties can now be accounted for by the for-

mation of ferromagnetic polarons [19]. In this

model double exchange would strongly be sup-
pressed when doping non-magnetic impurities and

this really has been observed when doping Rh or

Ti for Ru.

Concluding, it seems clear that in Ru-1212 a

much smaller doping range is accessible as

compared to the R123 high-Tc compounds where
the oxygen content can easily be tuned from O6
to O7. This narrow doping range probably results
from the existence of many neighboring stable

phases.
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