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Transport properties and specific heat of RuS§GdCu,Ogq
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The magnetoresistand®IR) and specific heat in magnetic fields for the samples RB&Cy,0; and
RuSKGd, L& L0, are presented. Resistive measurements in high magnetic fields show that the field
dependence of the transition temperature is significantly different from those observed in oth&g bigh-
prates. The sample RuBdCuy,0z shows a systematic change in magnetoresist@éd: The MR is nega-
tive at temperatures above the magnetic ordering temperalgrg.); Below T¢ic the MR displays a positive
peak at low fields, but becomes negative at high fields. However, the sampleGRiy$ze, (Cl,O, shows a
negative MR in the whole measuring temperature range. Both of the samples show a maximum negative
magnetoresistance at abolt,.. The specific heat anomaly is suppressed by the field, and the peak-
temperature slightly moves down with the field.
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INTRODUCTION neous magnetization,7M, exceeds the lower critical field
He; [such as 4M>H. (T=0)]8'13 Otherwise, if
Recently, coexistence of superconductivity and ferromagH.;(T=0)>4xM, the Meissner state will be stable at low
netism has been reported in the hybrid ruthenate-cuprat@mperature. More recently, Bernhatlal* presented low-
compounds Ru$S6dCu,0g (Ru-1212 and field dc magnetization measurements on polycrystalline Ru-
RuSrzGdlACQ)ﬁCuzoy (Ru_lzza_l_gA very recent powder 1212 Samples, which show evidence that a bulk Meissner
neutron scattering study by Lynn et al. has provided convincState develops in the pure compounds at low temperature,
ing evidence that the Ru moments order antiferromangeically/ith T™<30 K varying from sample to sample. They
at Ty=136(2) K, coincident with the reported onset of showed that the SVP, which forms an intermediate tempera-

ferromagnetismi® In contrast to ferromagnetic superconduct- {Uré "< T<T¢, is characterized by unique thermal hyster-
ors, in which the superconducting transition temperatureef]'S eff(.actslé Trl(;)izbeheved th?tdthi abé;gcﬁlgf a Metl)ssner—
(T.) is higher than the magnetic transition temperatlifg phase n-Ru- as reported by L®bal —can be

the T,, of Ru-1212 and Ru-1222 is higher than, so they gxp|a|_ned In term of mod_erate reduction faf, due to
have been called superconducting ferromagh@tse super- impurity scattering or grain size effects.

T ) . . It is believed that the magnetic order arises from ordering
conductivity in superconducting ferromagnets arises in th%f Ru ions in the RuQ layer, the transport occurs in the

state with a well developed magnetic order, contrary to preCuOZ layers. In this paper, we investigate the interaction
vious studies of which ferromagnetism arises in the superpanyeen the transport carriers and the ferromagnetic Ru mo-
conduc’qng state. Both the tetragonal Ru-1212 and Ru-122g,ants by magnetotransport property measurements. The spe-
are derived from the LnB&u;O; (LNBCO) structure(Ln:  ¢ific heat is also studied in the fields up to 6 T. It was found
lanthanidg, the Ru ions replace the CU), and only one that the specific heat anomaly is suppressed by the field, and

distinct Cu site(corresponding to A@)) exists, with fivefold  the peak-temperature moves down with the field. This is dif-
pyramidal coordination. For Ru-1212, the Cu-O layers argerent from that reported by Talloet all*

connected by perovskite SrRyQayers through the apical

oxygen atoms. For Ru-1222, the Ln layer in LnBCO is re-

placed by inserting a fluorite type (Ln,Ce)Qayer, thus EXPERIMENT

shifting alternate perovskite blocks by b)/2. Ru-1212

and Ru-1222 contain the two Cy@lanes and one RuyO Similar to previous reports?®** RuSLGdCy0Og was

layer in the unit cell. synthesized by solid-state reaction of stoichiometric powders
The remaining unresolved question concerns the homogef RuG,, SrCG;, Gd,0; and CuO. Required amounts of

neity of the superconductingsC) phase. Evidence in favor these materials were ground, preheated at 960 °C in air for

of bulk SC state has been obtained for Ru-1212 from differ-10 h, then reground and reacted as pellets at 1010°C in

ential heat capacity measuremehitsiowever, Chwet al.re-  flowing nitrogen for 24 h to obtain precursor material

cently cast doubts as to whether Ru-1212 is a bulS»LGdRuQ and CyO) and minimize the formation of

superconductol? They find that a bulk Meissner effect does SrRuQ,.! These resulting samples are pulverized, pressed

not exist in Ru-1212. Alternatively, they suggest that theinto pellets and calcined at 1050 °C in air for 24 h with an

absence of a Meissner effect could be attributed to the crantermediate grinding. In each reaction, the sample was

ation of a spontaneous vortex phd$d/P). Such a SVP can cooled to room temperature by furnace. Subsequently, the

be expected to form in a FM superconductor if the spontaas-prepared sample Ry&dCu,0g was annealed in flowing
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oxygen at 1050°C for 72 h. To synthesize ! ’ )

RuSKGd,; ,Ce (L0, stoichiometric powders of RuQ 0.06 1222 4
SrCQ;, Gd,05, CeG,, and CuO were preheated in air and
calcined in flowing nitrogen similar to the synthesis of
RuSLGdCuOg, then the samples were reground, pressed
into pellets and calcined in flowing oxygen. Finally, the E
samples were annealed in an oxygen pressure of 50 bars&
With the exception that preheating in air was at 960 °C for &
10 h, all reactions were performed at 1050 °C for 24 h. Pow- <
der x-ray diffraction(XRD) measurements were carried out

in Rigaku D/maxyA x-ray diffractometer with graphite
monochromatized CK , radiation \ =1.5406 A. Resistiv- 0.00 |-
ity measurements were performed by the standard four-probe
method down to 4.2 K. The specific heat was measured be-  0.08 |-
tween 4.2 K to 300 K in an adiabatic, continuous-heating
type calorimeter using platinum thermometry in magnetic
fields up to 14 T. Absolute accuracy is 0.8% from 15 K to
300 K and the precision is about 0.05%. The heating rate wasg
15 mK/sec over the whole temperature range. Magnetoresis-g 0.04 |-
tance was measured with the magnetic field up to 14 T using &

an Oxford Instruments superconducting magnet. e 002

0.04 |-

0.02 |-

0.06 |-

RESULTS AND DISCUSSION 0.00 -

Powder x-ray diffraction(XRD) measurements indicate 1 . 1 . 1 . 1 .
that all the samples Ru$BdCwO;  and 0 20 40 60 80
RuSKGd, .Ce L0, are single phasex95%) materials Temperature (K)

1.4 6 y
and have the tetragonal structure with lattice parameter of pig. 1. The temperature dependence of resistivity in magnetic
a=3.838 A andc=11.559 A, anda=3.844(1) A andc  fieids of up to 12 T for the samples RySUCKLO, and
=28.615(7) A, respectively. In the x-ray diffraction patterns RuSKGd, Ce {CW,0, ; squares: 0 T; circles: 2 T; up triangles: 4 T;
for the samples Ru-1212 and 1222, only one very weak peafiamonds: 8 T; down triangles: 12 T.
at 20 of about 30.75° cannot be indexed, and which was

identified to be from the double perovskite,GdRuUQ;. Our Figure 2 shows the magnetoresistance data for tempera-
attempts to completely get rid of the impurity phase weretures above and beloWg,ie, which is 132 K and 175 K for
unsuccessful. the samples Ru-1212 and Ru-1222, respectively. The sample

Figure 1 shows the resistivity transitions for both Ru-1212Ru-1212 shows a negative magnetoresistance for tempera-
and Ru-1222 samples measured in magnetic fields up to 1&res higher thaf ¢. The magnetoresistance decreases as
T. The two samples show nearly the same behavior. Wéi? for temperatures well aboVE. It is believed that this
observe a broad resistive transition with a sharp onset tenfield dependence arises from the freezing out of spin-disorder
perature at~50 K, which decreases with increasing mag- scattering as the Ru moments become aligned with the mag-
netic field for the samples Ru-1212 and Ru-1222. The zeroretic field? The magnetoresistance showsHslinear depen-
resistance temperature shows a similar decrease to that of tdence over the range ¢f investigated close td ¢ye. FOr
onset transition. It decreases rapidly at low fields, whileT<T¢,ie, the magnetoresistance behavior is quite different
slowly at high fields. This behavior is similar to that ob- from that for T>T¢ie. Below T¢ysie & positive magnetore-
served by Cheet al'?in the Ru-1212 system. It is worthy to sistance peak is observed at low fields. The amplitude of the
point out that little difference in the superconducting transi-peak increases with decreasing temperature. This behavior is
tion is observed between 8 and 12 T for the sample Ru-1212:onsistent with that reported by McCroeeal. in Ru-1212
The zero-resistance temperature stays almost unchanged fbne Ru-1222 magnetoresistance is negative for temperatures
fields higher tha 8 T for both of the samples Ru-1212 and ranging from 300 K to the superconducting onset tempera-
Ru-1222. These results indicate that the field dependence tire, the peak appearing in Ru-1212 at low fields and below
the zero resistance temperature for Ru-1212 and Ru-1222 & iS not observed. However, it is found that the field
quite different from those observed in other higheuprates dependence of the MR foF> T, is the same as that ob-
which are governed by the giant flux motion at low tempera-served in Ru-1212, that is: the MR is proportionaH®. The
ture. The observed behavior is also not consistent with th&IR shows arH-linear behavior near the magnetic ordering
picture of strong flux pining in a conventional three- temperature. In summay, the MR behavior for the sample
dimensional system. This result suggests that the vortex dyRu-1222 is consistent with that for the sample Ru-1212 ex-
namics of hybrid ruthenate-cuprate compounds may be ineept a positive peak is observed at low fields in Ru-1212.
trinsically different from that of the other high temperature The difference in MR between Ru-1212 and Ru-1222 could
superconducting cuprates. be due to the weak-ferromagnetic behavior of Ru-1222, in
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FIG. 2. The magnetic field dependence of magnetoresistance foa}nd thermoelectric power data within this scenario. How-

: ever, it can not be understood why such a large exchange
the samples Rug6dCy,0g and RuSyGd, ,C O, at various . T . . .
tempera?ures. 8BdC:0s SEG. Lo L0y interaction between the carriers in Cufdyers and the spins

in RuG, layers does not affect superconductivity. In addi-
tion, how to understand the different vortex dynamics of the
which magnetic ordering afy(Ru)=175 K is observed at hybrid ruthenate-cuprate compounds from other cuprate su-
low field and theTy(Ru) is rapidly shifted to low tempera- perconductors is another open question.
ture with increasing the applied fiefd. Figure 4 shows the specific he@®T and AC/T as a
Figure 3 shows the temperature dependence of the MR fdunction of temperature in magnetic fields fromd@& T for
applied fields of 2, 5, and 10 T for the Ru-1212 sample. It isthe samples RugBdCwOz and RuSyGd, LCe {CW0, .
found that a maximum negative MR occursla{;, and the  The AC/T is obtained by subtractin@;/T from the C/T.
absolute value of the MR decreases monotonically awayhe Cy; was obtained by fitting the raw data without specific
from Tcyhe. At high fields the MR is always negative over anomaly. It is very clear that there exists a specific heat jump
the whole temperature range. At low fields the MR is posi-at the temperatures of about 34 K and 38 K for the samples
tive below Tcyie, and negative abov&cyte. For the Ru- RuSpGdCy0Og and RuSsGd; L& L0, , respectively.
1222 sample, a negative maximum MR is also observed alhe temperature corresponding to the specific heat anomaly
Tcuie- These results suggest the MR behavior observed iis the same as the superconducting transition temperature.
Ru-1212 and Ru-1222 is dominated by the interaction beThe magnitude of the\C/T is about 0.08 mJ/gKwithout
tween the carriers and Ru moments. McCretal. made a magnetic field for the two samples, being comparable to
good fit to the data for the temperatures well abdvgie, other cuprates. The existence of a sizable specific heat con-
giving the exchange interaction between the spins and corfirms the presence of bulk superconductivity. A remarkable
duction carriers of 27—47 me¥There are two possible sce- feature of theAC/T versusT curves for the Ru-1212 and
narios for the exchange interaction between conduction caRu-1222 samples is that the specific jump onset temperature
riers and the spins. One is that the transport occurs in thig independent of the applied magnetic field, which is seen in
CuG, planes, the Ru®layer is a local-moment ordering. Figs. 4a) and 4b) for both of the samples. This is consistent
The other is that significant current flows in the Ry@anes,  with that observed in YBZu,0;_5.2° Junod et al. ex-
and the MR is determined by the interaction between Ruplained that this phenomenon results from a compensation of
spins and Ru@carriers, which can be large without affect- two effect: the decrease of the mean-field critical temperature
ing the superconductivity. However, the behavior of resistiv-and the simultaneous increase of the transition width. A re-
ity and thermoelectric power observed in Ru-1212 and Ruduction in the amplitude of the specific heat jump and a very
1222 samples is similar to that for other cuprateslight shift down to the low temperatures for the pedk)(
superconductors. So it is difficult to understand the resistivityare observed in both of Ru-1212 and Ru-1222. This is also
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RuSpGdCy,Og sample. No specific heat anomaly is ob-
served in the temperature range between 20 K and 50 K. The
amount of the impurity phase $£dCuQ; in the nonsuper-
conducting RuSIGdCy,0Og is the same as the superconduct-
ing sample we studied because the nonsuperconducting
sample was obtained by annealing the superconducting
sample in flowing nitrogen at 500 °C for 48 h. This result
further suggests that the specific heat jump arises from the
superconducting transition. However, it is difficult to under-
stand the difference between a slight shift down to low tem-
peratures with the magnetic field i, determined by spe-
cific heat measurements and an apparent decrease of
superconducting transition onset with magnetic field in the
low field range determined by resistivity measurements.

C/T (mJ/ig K?)

CONCLUSION

The samples RugBdCyOg (Ru-1212 and
RuSKGd, ,Ce CU,O, (Ru-1223 have been studied by re-
sistivity, and specific heat in magnetic fields and magnetore-
sistance. It is found that zero-resistance temperature rapidly
decreases with the magnetic field at low fields as well as the
onset transition temperature, while the zero-resistance tem-
perature stays almost unchanged for the fields higher than 8
T for both of the samples Ru-1212 and Ru-1222, suggesting
that the vortex dynamics of hybrid ruthenate-cuprate com-

FIG. 4. The specific hea®/T andAC/T in magnetic fields as a pounds may be intrinsically different from that of the other
function of temperature for the samples Ry&ICw,0q (circles: 0 high temperature superconducting cuprates. A maximum
T; up triangles: 1 T; diamonds: 2 T; down triangles: 4 T; squares: enegative MR appears at.,;. for both of the samples, MR
T; solid lines for C/T and RuSyGd, Ce& Cw,0, (circles: 0 T; up  shows aH? dependence well aboVEce, While aH-linear
triangles: 1 T; diamonds: 3 T; squares: 6 T; solid lines@di). dependence close . for the samples Ru-1212 and Ru-

1222. The sample Ru-1212 also shows a positive MR below
similar to that observed in YB&u;0;_ 5.*° In contrast, Tal- T, at low magnetic fields. A reduction of the amplitude of
lon et al. recently reported differential heat capacity ( the specific heat jump and a very slight shift down to the low
=C/T) measurements in magnetic fields for the sample Rutemperatures for the peal{) with increasing applied field
1212. They found thal . determined by the midpoinfor  are observed in both Ru-1212 and Ru-1222. This is also
maximumslope in y(T) moves up some 4.5 K when the similar to that observed in YB&uO,_ 5.*° In contrast, Tal-
field is increased to 4 or 5 ¥. This upward shift inT, with  lon et al. recently report a field-induced increase Tp by
field was ascribed to the triplet pairing, which is enhanced irdifferential heat capacity ¥=C/T) measurements for the
a magnetic field. Chet al*? argued that the possible inclu- sample Ru-1212.
sion of a very small amount of the antiferromagnetic phase
Sr,GdRuUQ in Ru-1212 and Ru-1222 samples can give rise a ACKNOWLEDGMENTS
AC, of a magnitude similar to that of the underdoped cu-
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