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The recent discovery [1-4] of superconductivity
in layered ruthenate—cuprate compounds RuSr,-
RCu,O5 (R=Gd and Eu) is a subject of intense
interest as a unique model system for studying the
interplay between superconductivity and ferro-
magnetism. Superconductivity and magnetism are
two different ordered states and are inimical to one
another. In conventional s-wave superconductor,
both the local magnetic moments of the impurity
ions and the external magnetic field break up the
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spin singlet Cooper pairs and hence suppress su-
perconductivity which is known as pair breaking
effect. In RuSr,GdCu,0g (RuGd-1212) compound,
a small amount of ferromagnetic (FM) moment in
the RuO, layers coexists with a bulk supercon-
ductivity originated in the CuO, bilayers over
a wide range of temperature [5,6]. The mag-
netic transition occurs at Ty = 132 K which is
considerably higher than the superconducting
onset temperature 7" =46 K. The neutron dif-
fraction and magnetization measurements [7-9]
suggest that the Ru moment orders predominantly
antiferromagnetically along the c-axis with spin
canting within the ab-plane. At zero field the
net in-plane FM moment is about 0.05 pgz/Ru,
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which increases with external magnetic field
and the system becomes FM at high fields [10].
Additionally, normal-state transport [5] and
thermodynamic properties [5] and infrared (IR)
conductivity [11] measurements show that RuSr,-
RCu,04 behaves as a typical underdoped super-
conducting cuprate and exhibits a number of
features arising due to the presence of a pseudo-
gap in the excitation spectrum of the density of
states.

High temperature superconductors (HTSC) are
known to undergo insulator-to-superconductor-
to-normal metal transition as the hole concen-
tration (p) increases continuously with doping.
Superconductivity usually occurs over a narrow
range of p and there is an optimum doping level
(pop) at which highest T, (7™*) is realized. The
material is underdoped for p < p,,, where T; in-
creases with doping, and overdoped for p > p,p,
where it becomes a better metal and behaves like a
Fermi liquid as the hole doping progresses but T,
decreases monotonically. The hole doping phe-
nomenon establishes a parabolic relation [12] be-
tween 7. and p which is symmetric about p,,. To
understand the occurrence of superconductivity
and the unusual normal-state properties, the sys-
tematic trends of evolution of various physical
properties with doping have been sought for in
these systems.

Usually there are two standard methods to
change the carrier density in HTSC, either by
tuning the oxygen content through annealing and
subsequently quenching from different tempera-
tures or by substituting the divalent ion with the
trivalent rare-earth ion and vice versa. The former
method was found to be quite suitable for YBa,-
Cu307_5 (Y-123) and other cuprate systems. In
RuGd-1212, the thermopower S which is a mea-
sure of carrier density does not change signifi-
cantly with long time annealing in flowing oxygen
but the zero-resistance temperature, 7. (R =0)
changes appreciably [5]. It has also been observed
that annealing and then quenching from different
temperatures do not change the oxygen content
and superconducting onset temperature but affects
the granularity, and hence the transition width.
Thus this method is not suitable to change the
carrier density in ruthenate—cuprates.

In this paper we report systematic variation of
resistivity, magnetoresistance, magnetization and
thermoelectric power in Ru(Sr,_,La,),RCu,0Os for
0<x<0.10 in which carrier density has been re-
duced by substituting Sr partially with La ion. We
also compare the observed results with other
HTSC.

Polycrystalline samples have been synthesized
by solid-state reaction method [5] using high purity
RuO,, SrCO;, La,0s;, R,05, CuO and ZnO pow-
ders. At the final stage, the samples were annealed
for 6 days at 1060 °C in flowing oxygen followed
by slow cooling to room temperature. X-ray dif-
fraction shows that the Gd-based samples are
single phase with tetragonal structure [10]. Sam-
ples with x > 0.10 show impurity peaks and hence,
not included in this study. Eu-based samples show
a weak impurity peak at around 26 = 31.5° similar
to that reported by others [13]. Magnetic suscep-
tibility was measured using a SQUID magneto-
meter (Quantum Designs, MPMS). Resistance and
magnetoresistance measurements were performed
by conventional four-probe technique under mag-
netic fields up to 14 T in a superconducting mag-
net (Oxford Instruments). The thermopower was
measured from 325 to 77 K by an automated
standard dc method using a differential technique.

Fig. 1 shows the resistivity p(7) behavior for the
RuSr,RCu,04 samples with different x. The tem-
perature dependence of p for RuGd-1212 is similar
to that reported by Tallon et al. [5]. p decreases
slowly with lowering temperature, passes through
a shallow minimum at around 7* = 87 K and then
increases slowly before it drops sharply below 46
K. T; (R = 0) for this sample is 31 K. This kind of
minimum in p(7) has also been observed in other
underdoped HTSC in the vicinity of insulator to
metal transition point [14]. With the substitution
of La for Sr, normal as well as superconducting
state properties change systematically with x. Only
1% La substitution suppresses superconducting
transition temperature drastically. For x = 0.01
sample, 7°" and 7, (R=0) are 33 and 14 K,
respectively. Thus, La doping reduces 7. consid-
erably and broadens the resistive transition, char-
acteristic of underdoped cuprates. However, the
evolution of both normal and superconducting
state properties in RuGd-1212 with La doping are
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Fig. 1. (a) Temperature dependence of the resistivity for Ru(Sr;_,La,),GdCu,0s. (b) Temperature dependence of the resistivity for
Ru(Sr,_,La,),EuCu,0s. (c) Temperature dependence of the resistivity for Gd-based sample with x = 0.01 at different magnetic fields
(0,2,5,7,10 and 14 T). The arrow indicates the direction of increase of field. (d) The behavoir of upper critical field H.,(7) determined
from (c) using different criteria for 7; as described in the text: solid circles for 7>"; open circle for 90% of the normal-state resistivity and
solid triangles for 7. (R = 0). The dashed lines are guide to the eyes.

very different from that observed in liquid nitrogen sample but no superconductivity is observed down
quenched samples where 7" does not change but to 1.5 K. However, for x =0.03 sample, p(7)
the transition width increases due to the enhance- shows a change in slope at low temperatures and
ment of granularity [5]. The temperature depen- p decreases slightly below 1.5 K. This indi-

dence of p for x = 0.03 and 0.05 is similar to x = 0 cates that superconductivity appears for x < 0.03.
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Normal-state resistivity is observed to increase
monotonically with increasing x. For x=10.10
sample, p(T) shows semiconducting-like behavior
over the whole range of temperature. The resis-
tivity of this sample can be fitted with the standard
expression for hopping conduction p(T) =
poexp(Ty/T)", where py, Ty and n are constants.
The conduction mechanism is dominated by
nearest-neighbor-hopping (NNH) (n ~ 1) above
120 K and variable-range-hopping (VRH) (n~1/4)
below 65 K. Thus a crossover from VRH to NNH
exists with increasing temperature as in the case of
other HTSC.

It is clear from Fig. 1b that the evolution
of transport properties and the suppression of
supercondutivity in Ru(Sr;_.La,),EuCu,03 are
qualitatively similar to that observed in La-doped
RuGd-1212. Though 7y for RuSr,EuCu,Og
(RuEu-1212) sample is close to that for RuGd-
1212 but T; is much lower in the former system.
For RuEu-1212, p starts to decrease at around
7o' =35 K and becomes zero at TR0 =12 K.
x = 0.03 sample shows superconductivity below 3
K. This may be due to the smaller value of La
content in the sample than the nominal starting
composition. In general Eu-based samples are
more resistive than the Gd-based compounds with
same x. The rapid suppression of superconductiv-
ity and the evolution of semiconducting-like state
with small amount of La doping are typical of a
strongly underdoped cuprate reflecting the de-
pleted density of states near the Fermi level in
ruthenate—cuprate.

The temperature dependence of resistivity at
different magnetic fields is shown in Fig. lc for
x = 0.01 Gd-based sample. It is important to in-
vestigate the temperature dependence of upper
critical field H., for this system because the su-
perconducting state parameters, such as the upper
critical field, flux pinning energy, etc., contain in-
formation about the superconducting condensa-
tion energy and probably is also related to the
pairing mechanism of Cooper pairs. Mainly due to
the effect of flux flow, a remarkable broadening of
p as a function of T with increasing field is ob-
served in high-7; cuprates and hence a large un-
certainty arises to define the 7, and to determine
the Hy,. Normally, H, is determined from mag-

netization measurement. Due to the FM ordering
of Ru moment it is difficult to determine H,, from
the magnetization measurements. In such cases,
the determination of shift of the 7, from the tem-
perature dependence of p in magnetic field is the
principal method for determining H,. To avoid
the effect of flux flow the temperature at which p
starts to decrease from its normal value is defined
as T>" for the estimation of H,. It is clear from
Fig. 1c that the resistive broadening is not strong
and no resistive tail appears at low temperatures.
Also one can see that T (R = 0) at high fields shifts
quite slowly towards lower temperatures. Quali-
tatively similar behavior of p has been observed
for RuEu-1212 in applied magnetic field.

The variation of H., with temperature deter-
mined from different criteria is shown in Fig. 1d.
H, determined from the shift of the transition
temperature near the onset of superconductivity
(as shown in Fig. 1d by solid and open circles)
shows a steep slope with dH,,/dT ~ 1 T/K. On the
other hand, H, calculated from the field depen-
dence of T, (R = 0) shows a smaller slope near T, a
positive curvature and a rapid increase as T ap-
proaches 0 K. Similar behavior has also been ob-
served in some other overdoped HTSC [15,16].
The absence of resistive tail and the high value of
H. suggest strong pinning force in this system.
This indicates that the superconducting conden-
sation energy due to pairing is large because the
pinning energy is proportional to the square of
condensation energy. The temperature depen-
dence of H. for Ru-1212 is qualitatively similar
to that observed in Bi,Sr,CuO¢ (Bi-2201) [17],
La, ,Sr,CuO, (La-214) [17] and electron-doped
systems [18]. In the Bi-2201 and La-214 systems, a
second critical transition (7;;) is observed well
below 7" [17]. With increasing magnetic field, 7"
decreases very slowly whereas T, decreases dra-
matically, showing a large positive curvature in the
critical field.

Typical zero-field-cooled (zfc) susceptibility ()
curves at H = 0.5 Oe for the Gd-based samples
with x =0, and 0.01 are shown in Fig. 2a. For
x = 0 sample, a strong diamagnetic signal appears
at around 28 K in the zfc cycle similar to that re-
ported earlier [5]. The diamagnetic signal for
x = 0.01 sample appears at much lower tempera-
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Fig. 2. (a) Temperature dependence of the zfc volume susceptibility at H = 0.5 Oe for RuGd-1212 for x = 0 (@) and 0.01 (A). (b) The
scaling behavior for the y (zfc) and p for x = 0 sample as a function of reduced temperature 7/T*. Both y and p were scaled to unity
at their respective minimum. Inset shows the appearence of small diamagnetic signal in zfc cycle close to the resistive onset transition

46 K.

ture 12 K as compared to the pure sample. For
both the samples diamagnetic shielding appears
slightly below 7. (R = 0) and at low temperatures
the volume fraction of the diamagnetic shielding
without the demagnetization correction are >100%
and 80% for x = 0 and 0.01, respectively. Such a
large value of diamagnetic shielding suggests a
bulk superconducting state for both the samples.
However, the field-cooled susceptibility measure-
ments show no sharp decrease of y but a weak
anomaly at the temperature where diamagnetic
signal appears in the zfc cycle (not shown). A
spontaneous vortex lattice (SVL) state or Fulde-
Ferrel-Larkin—Ovchinnikov (FFLO) phase has
been proposed [6,19] to form in a FM supercon-
ductor such that the internal magnetic field asso-
ciated with the magnetic moment is greater than
the lower critical field H,, but smaller than the
upper critical field H,. The formation of such SVL
or FFLO-type phase can greatly reduce the size of
the Meissner signal in the RuGd-1212 samples.
For nonsuperconducting samples (x > 0.03), no
diamagnetic signal has been observed down to 2

K. The T dependence of y for these samples show
an upturn at low temperatures similar to Zn-doped
RuGd-1212 system. It is important to note that
not only superconducting state properties but also
the magnetic state of RuO, layers are strongly
influenced by the La substitution. The magnetic
transition is indicated by a cusp-like feature in the
zfc cycles of y.

Although the zfc susceptibility for x = 0 sample
drops sharply at 28 K, closer inspection of the data
on an expanded scale (inset to Fig. 2b) shows that
a small amount of diamagnetic signal appears at
around 46 K where resistivity drops sharply. This
shows that the superconducting onset temperature
is same for transport and magnetic measurements.
Bernhard et al. [6] described the intermediate state
between 28 and 46 K as a vortex phase. However,
for x =0.01 sample no diamagnetic signal has
been detected close to the resistive onset tem-
perature. Diamagnetic signal appears only below
12 K. We have already discussed that a two-step
transition similar to RuGd-1212 has also been
reported in Bi-2201 and La-214 systems [17]. In
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these systems, y decreases slowly from 7" down to
the second critical transition and then decreases
sharply below this temperature. Another interest-
ing feature of y(7) in RuGd-1212 is the occurrence
of a shallow minimum at around 7* similar to that
of p(T). The T* for %(T) is about 10 K lower than
that for p(7). IR conductivity measurements [11]
also revealed anomalies around 7. Naturally, the
question arises whether there is any common ori-
gin for the occurrence of this minimum. To ad-
dress this question we have scaled both p(7T) and
%(T) to unity at their respective 7* and plotted as a
function of reduced temperature 7/T* (Fig. 2b).
Over a wide range of temperature both above and
below T* the data scale nicely indicating that 7* is
a characteristic temperature of this system.

The temperature dependence of thermopower
for La-doped RuGd-1212 and RuEu-1212 samples
are shown in Fig. 3. A systematic evolution of S
with temperature and La doping is clearly evident
for both the systems. S increases with T, passes
through a broad maximum (at 7°) and then de-
creases with further increase of temperature. At
low temperatures below 160 K, S shows approxi-
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mately linear 7 dependence, passes through the
origin and the slope increases with the increase of
x. With increasing x, the overall magnitude of S
increases and T° shifts towards higher tempera-
ture. The large value of S, the shape of S(7) curve
and the appearance of the broad maximum at high
temperatures are the signatures of underdoped
cuprates where normal-state transport properties
including thermopower are strongly dominated by
the presence of a pseudogap and the gap opening
temperature increases with decreasing hole con-
centration [20]. The systematic increase of S and
the shift of 75 towards higher temperatures with
increasing x suggest that La is incorporated into
the lattice and the system becomes more and more
underdoped with increasing La concentration. The
strong dependence of S on x also suggests that the
suppression of superconductivity with La doping
is not due to the effect of granularity as observed
by Tallon et al. [5] for RuGd-1212 samples with
different annealing conditions. We also compare
the variation of S for the La-doped samples with
that of the Zn-doped samples studied by Tallon
et al. [5]. Superconductivity is strongly suppressed
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Fig. 3. Temperature dependence of the thermopower for different x. (a) Ru(Sr;_.La,),GdCu,0Og samples. The dashed lines indicate the
linear behavior of S and the dotted curve shows the shift of the maximum with increasing x. (b) Ru(Sr,_.La,),EuCu,Og samples.



with Zn doping similar to the present case while
thermopower is almost unaffected by Zn substi-
tution. Usually Zn suppresses superconductivity
by introducing disorder in the CuO, planes
maintaining the doping level almost same whereas
La doping suppresses superconductivity by re-
ducing carrier density in the system. It is worth-
while to compare RuGd-1212 with Y-123 because
of their structural similarity. The CuO chain in Y-
123, which is known as charge reservoir is replaced
by RuO, plane in RuGd-1212. In Y-123 system,
superconductivity disappears at around ¢ = 0.6.
Strikingly, both the magnitude and temperature
dependence of S for RuGd-1212 are comparable
to that of Y-123 system [20] close to 6 = 0.6. In
HTSC a unique relation between p and room-
temperature thermopower S (300 K) has been es-
tablished [20]. If we assume that this relationship is
also applicable for RuGd-1212 then x = 0 sample
corresponds to p ~ 0.07 hole per Cu ion [5]. This
indicates highly underdoped nature of RuGd-1212
which is consistent with the resistivity behavior. As
substitution of one La ion reduces one hole per Cu
ion, the complete suppression of superconductivity
at around x = 0.03 corresponds to p = 0.04/Cu
ion. This value of p is close to the doping level for
the occurrence of superconductivity in other cup-
rates and also close to that predicted by the well-
known parabolic relation T./T™ =1 — 82.6 x
(p —0.16)° [12].

A general phase diagram, (7, x), for RuGd-1212
is shown in Fig. 4. T, is calculated at the mid-point
of the superconducting transition of all doped
samples. Superconductivity appears only in a nar-
row range of La** doping x<0.03, while the
magnetic ordering temperature was enhanced with
increasing x up to 0.10. The dependence of 7* on x
is also shown in this figure (thick solid line). In the
temperature range between 7* and Ty the system
exhibits weak FM metallic (dp/dT > 0) behavior
and it is a paramagnetic metal above Ty. As T* vs. x
diverges above x = 0.05, both FM as well as
paramagnetic state are insulating for these samples.

In conclusion, it has been possible to prepare
ruthenate—cuprate samples with varying carrier
concentration by successfully doping La in place
of Sr in RuGd-1212 compound. Systematic vari-
ation of transport and magnetic properties in this
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Fig. 4. Doping dependence of superconducting transition T
(—M-), FM transition Ty (-@-) and T7* ( ) for
Ru(Srl,YLax)zGdCuzog.

system has been studied as a function of La dop-
ing. With increasing x, T, decreases considerably
and the system becomes more and more underd-
oped. Superconductivity appears in the vicinity of
insulator to metal transition point similar to other
high-T7, materials.
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