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Superconductivity in Ru;_,Sr,GdCu,,Og_, compounds
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We report on the properties of new ruthenocuprates Rer,GdCy,,Og_y (x=0, 0.1, 0.2, 0.3, 0.4, and
0.75 that extend the superconductivity found previously in RGBIC,Og(T.=45K) to the solid solution
with varied Ru/Cu ratios. The compounds have been synthesized in a high-pressure oxygen atmosphere. The
maximum temperature of the superconducting transition is 72 K forxth®.3 and 0.4 compositions. The
reported behavior of magnetization at low temperatures can be qualitatively explained assuming a quasi-two-
dimensional character of the superconducting regions in the compounds studied.
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[. INTRODUCTION dimensional ordering through coupling perpendicular to the

layers but interact weakly enough to permit superconductiv-

Recent reports of the coexistence of superconductivityty. To explain the absence of the apparent bulk Meissner
and ferromagnetism in ruthenocuprates REBICu,0g (Ru-  State for Ru-1212 a model was proposed in which the super-

ducting order is modified into a fine structure in order to
1212 (Refs. 1 and 2 and RuS§(R; ,Ce€),C,05, R N !
~ Gd, Eu(Ru-1222 (Ref. 3 havesr{afisédxco?szid;rzablloe inter. conform to the presence of a ferromagnetic std®ecently,

. : Joo . e have reported that the partial substitution of trivalent Gd
est m_understandmg the intrinsic properties of these layere y Cé* in RuSkGd, _,Ce,Cw,0; rapidly lowersT, and si-
materials. The crystal structure of ruthenocuprates can bgtaneously raise, to 145 K for the nonsuperconducting
described based on its similarity ®Ba,Cs0;_y (R123  y_0 05 compositio! This decrease of, is consistent with
superconductors. For both Ru-1212 and -1222 the structui@e doping effect observed for underdoped HT superconduct-
contains double Cufplanes separated by a single oxygen-ors, Partial substitution of N into the Ru sublattice was
less Gd layer for Ru-1212 or a double fluorite;(,Ce)>  found to lower bothT, and Ty for Ru-1212*2
block for Ru-1222. The Ru atoms, coordinating with a full  Addressing the question of how superconducting proper-
octahedra of oxygens, form the Ruf@lanes that replace the ties of ruthenocuprates can be affected by the dilution of the
Cu-0O chains present iR123. The arrangement of Ru atoms magnetic sublattice of Ru, we attempted to partially substi-
resembles that in the SrRyQtinerant ferromagnet T,  tute Ru with Cu ions. Previously, similar kinds of substitu-
=160K) (Ref. 4 or the SpyRuQ, superconductor T tions were studied iM,_,YSrL,Cu,, ,Og_ 5 for several ele-
=1.5K) for which the possiblg pairing of superconducting mentsM=Ga, Fe, Co, Ti, W, Mo, and Re and lead to
carriers was proposedFerromagnetism with a transition Superconducting materials synthesized in*&iFor Ru sub-
temperature of 132 K that originates in the Ru sublattice wastitution we have found that the layered Ru-1212-type struc-
postulated for superconducting {~ 30 K) Ru-1212 samples ture is stable only during synthesis at h|gh—pressme oxygen
based on magnetization and muon-spin rotatiorconditions. Here we report the properties of a series of su-

experimentg This observation raises the long-standing issud*€rconductors with the formula Ru,SpGACL;,Og—y.
The series shows a systematic change of the superconducting

of the conditions required for the coexistence of the two _ )
and magnetic properties and should also promote a better

phenomena now in the class of high-temperatt€) super- i )
conducting compounds. Recent neutron-diffraction experiinderstanding of the properties of the RyGICuL,0g parent

ments show that the dominant magnetic interactions presefftaterial. For the<=0.3 and 0.4 compositions the maximum

in RUSERCW,0; are of the antiferromagnetiAFM) type critical temperatures were raised to 72 K. The reentrant be-
with the Ru moments forming thé-type antiferromagnetic havior of the magnetization in the superconducting state at

structuré®’ The ferromagnetism observed in these com-low temperatures suggests a quasi-two-dimensional character

pounds was proposed to originate from the canting of R Superconductivity.
moments that give a net moment perpendicular to ¢he
axis®’ This description is similar to that suggested for
Gd,CuQ,, a nonsuperconducting weak ferromagnet, where Polycrystalline samples of Ru,SpGdCw.,Og_, (x

the distortions present in the CuPlane permit the presence =0, 0.1, 0.2, 0.3, 0.4, and 0.FV@&ere prepared by solid-state
of the antisymmetric Dzialoshinski-Moriya superexchangereaction of stoichiometric RuQ SrCQ,, Gd,0;, and CuO.
interactions in the system of Cu magnetic moménthe  After calcination in air at 920 °C the samples were ground,
presence of both Cufand RuQ planes in the structure of pressed into pellets, and annealed at 970 °C in flowing oxy-
ruthenocuprates indicates the need for consideration of gen. The samples were sintered at 1060 °C for 10 h in a
model where the superconductivity is strictly constrained tchigh-pressure oxygen atmosphef@0 baj. The crystal

the CuQ planes, whereas the magnetic properties originatgtructure was examined by the x-ray powder-diffraction
in RuO, planes. Picket, Went, and Shickeported that method using a Rigaku x-ray diffractometéuKa radia-
strictly layered superconducting and ferromagnef#dvl)  tion). The diffraction patterns showed that the Ru-1212-type
subsystems in Ru-1212 should be thin enough to allow threestructure formed for all compositions with traces of other

II. SYNTHESIS AND CHARACTERIZATION
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FIG. 2. Temperature dependencies of the zero-field-cooled

(ZFC) and field-cooled (FO) dc magnetization

FIG. 1. Lattice constants for the series of (Hac=approximately15 Ogfor the Ry _,SLGACW,Og_ Series.
Ru; - SKLGACW xOg—y With x=0, 0.1, 0.2, 0.3, 0.4, and 0.75 Forx=0.1 and 0.2 samples the corresponding insets show the onset

(lines are guides to an eyelnsets present the x-ray-diffraction of the irreversibility behavior in the normal state.
patterns forx=0.4 and 0.75 samples.

impurity phases presenfpresumably related to SrRyp ~Measured at  approximately 15 Oe for  the
However, no signatures of the magnetic response that couf@t-xS2GdC ., Og- series. These compounds are super-
be associated with that phase were observed for any of tHePnducting at low temperatures, but FC magnetization at 4.2
samples. Thus, we conclude that this impurity formed at & remains positive for all compositions except for0.75.

high pressure of oxygen in distorted or partially substitutedhe details of the superconducting transitions are discussed
form with modified propertiesl The Samp|es were ground,later in this text. The irreversibility of FC and ZFC branches
pressed into pellets, and annealed again in 600 bar of oxygepserved below-120 and 100 K fox=0.1 and 0.2 samples,

at 1085 °C for 10 h. Repeated annealing improved the phad&spectively(see insets in Fig.)2 resembles the behavior of
purity of the material but did not change the temperatures ofh€ magnetization observed belowTy~132K for

the superconducting transitions as verified by ac susceptibiRUSEGACuOg (Ref. 2 and thus should be attributed to the
ity measurements. The structure of all the samples were infesponse of the Ru sublattice. However, the magnetization
dexed in the tetragonal 4/mmm symmetry. Changes of th&elow these temperatures remains remarkably lower than for
lattice parameters with are presented in Fig. 1. Bothand  the x=0 parent material. Muon-spin rotation experiments
¢ decrease with the substitution of Cu for Ru in the Ru-Operformed for thex=0.1 sample indicated that the increase
planes. This can indicate increased hole doping witfihe ~ Of the relaxation rate observed belowi20 K should not be
insets to Fig. 1 show the x-ray-diffraction patterns for she attributed to the bulk response of the material, contrary to
=0.4 and 0.75 compositions. An additional annealing of thevhat was observed for parent Ru-1212t is not clear at
x=0.4 sample in 200 bar of oxygen at 550°C did notPresentif the ZFC-FC irreversibility of magnetization curves
change the temperature of the superconducting transitiofpund forx=0.1 and 0.2 arises from compositional inhomo-
while annealing at 800 °C in flowing air and in 1% of oxygen geneity(for example, the formation of Ru-rich clusters in the
decreased®" from 72 to 55 and 43 K, respectively. The Ru/Cu-O planeksor reflects the magnetic response_qf diluted
effect of oxygen content on the propertiesxaf 0 materials ~RUQ; planes. For thee=0.3, 0.4, and 0.75 compositions we
qualitatively resembles the properties of ¥%Ba,O; , and did not observe any irreversibility of the magnetization in the
is currently under investigation. The ac susceptibility, "ormal state. This indicates the absence of long-range weak
dc magnetization, and resistivity data reported here weréerromagnetic order for the Ru sublattice. However, we
obtained for  high-pressure  oxygen  synthesizecShould note that the AFM order, if it is not accompanied by
Ry, SLGACW, O, samples. The data was collected the FM component, would not be detected in this experi-

using a Quantum Design Physical Properties Measuremeff€nt. , o
System. Figure 3 shows an expanded view of dc magnetization

and ac susceptibility at low temperatures. The unusual in-
crease of the FC magnetization below the superconducting
Ill. RESULTS AND DISCUSSION .- .
transition, which was already observed for Ry&ICuy,0g, 1°
Figure 2 presents the temperature dependencies of ttehows systematic behavior with increasixgin Fig. 3 we
field-cooled(FC) and zero-field-coole@ZFC) magnetization denote withT., the onset temperature for the incredse
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FIG. 5. T¢" versusx for Ru;_,SL,GdCW,,Og_ series.

tism measured for powder would usually indicate a small
amount of the superconducting phase or that the grain size
(approx. 1um) is comparable to the penetration depth for
this material. However, in the following discussion we
FIG. 3. Temperature dependencies of the zero-field-cooleghresent arguments that the quasi-two-dimensional character
(closed circlesand field-cooledclosed squargsic magnetization  of the superconducting regions can also account for this dif-
(Hg=approximatelyl50e) and ac susceptibilitppen circles,  ference. By combining the ac susceptibility and dc magneti-

Hac=1 Oe,200 Hz for the Ry _,SKGACLOg_y series. With an 441 results one can conclude that the increase of FC mag-
expanded scale for the superconducting region, the spread of thrﬁeetization belowT ., occurs when the shielding currents start
data points withinM (T) dependencies reflects the limitation of the c2 Y

measurement’s sensitivity. For the descriptionTef andT.,, see t(? flow through the boundaries between superconducting re-
text. gions.
The onsets of resistive transitions were found T4t

=0.3 and 0.4 and flat behaviorX=0.75) of FC magnetiza- =45, 65, 70, 72, 72' and 62, K f0f=.0, 01,0203 04,
tion below the temperature of its initial drop &, . TheT., ~ and 0.75, respectivelysee Fig. 3. Figure 6 presents the
coincides with the temperature at which the ac susceptibiliypUPerconducting resistive transitions for e 0.4 and 0.75
changes slope, reflecting the increase of the bulk screenirggmples measured in magnetic fields of 0, 0.01, 0.05, and 0.1
currents. Figure 4 compares the real parts of ac susceptibili:%a(sond lines and 6.5 T(open circles The resistivity de-
measured for solid chunks and ground powder for xhe Velops a shoulderlike feature beldly, the width of which
=0.4 and 0.75 samples. Diamagnetic screening of the bulkemains very sensitive to small magnetic fields. With in-
samples increases considerably belbw indicating the on-  creasingx the width as well as the height of this shoulder
set of superconducting intergrain coupling and shows a condecreases. If one correlates this behavior with a smaller in-
plete shielding effect at 4.5 K. The much smaller diamagnee€rease in FC magnetization beldwy, for compositions with
higherx (see Fig. 3 it can be concluded that the interfaces
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FIG. 4. Temperature dependencies of the ac susceptibility for FIG. 6. Resistivity transitions fac=0.4 and 0.75 samples mea-
powder and bulk samples far=0.4 (a) and 0.75(b). Insets present sured at 0, 100, 500, and 1000 @®lid lines, the resistivity in the
the onset of the transitions in the expanded scHlg=1 Oe, f transition increases with fieldand at 6.5 T(open circleg Insets
=200 Hz. show the normal-state behavior. The data were collected on heating.
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FIG. 7. Temperature dependencies of ZFC dc susceptibility 0 ' 50 ' 100

measured fox=0.75 sample at 35, 45, 100, 200, 350, 500, and T (K)

1000 Oe. Inset shows the behavior in the expanded scale. Closed

squares mark temperatures for the onset of bulk superconducting | g Temperature dependencies of ZFC and FC dc magneti-

screeningsee text zation for powder(closed squargsand bulk (open squarésx

. . - =0.75 samplga); ZFC dc magnetization fox= 0.4 (circles and
between superconducting regions less efficiently affect th 75 (squarel powder samplegh). Dotted line shows the corre-

properties of compounds containing less Ru in the cryst ondina dependence for nonsunerconductin com-
structure. This pattern also seems to hold for the parent Rup-lzund Hgd =goo Oe P 9 GO, ,
Hye .

1212 for which the increase of FC magnetization is consid-

erably more pronounced than far~0 compounds and itS 5 penetrate the space between them. A similar effect was

T_Cz also co_rrelates with the temperature of the onset of bu”fecently proposed to explain the anisotropy of magnetic sus-

diamagnetisrcompare with Re_f. 15 . ... ceptibility (for HLab andHllab) observed for high oxygen
The temperature dependencies of ZFC dc susceptibility Heficient (ie., strongly underdoped superconducting

35, 45, 100, 200, 350, 500, and 1000 Oe for the bulk GdBaCuw0,_, single crystald®

=0.75 sample are presented in Fig. 7. The susceptibility de- Figure 9 py)resents tha1(H) dependencies for thex

creases at the superconducting transition and then increasg%_75 sample measured at 4.5, 20, and 50 K and magnetic

at lower temperatures fdfl4=50 Oe. In spite of the zero |45 changed between500 and 500 Oe. The first critical
resistance preserved in high magnetic fields at low tempergjq|q at 4.5 K is estimated to be approximately 10 (B
tures[see Fig. 6 forp(T) atHy=6.5T] the ZFC magneti- g3} The hysteresis loops can be interpreted as the superpo-
zation at 4.5 K remains negative only for magnetic fieldSiion of the magnetic and superconducting components. The
lower than approximately 350 Oe. For intermediate values o agnetic response at low temperatures arises from the para-
the magnetic field the additional decrease of the magnetizarﬁagnetism of GH" ions. As this magnetic contribution de-
tion in the superconducting state is observel@noted by . oases with increasing temperature, the magnetization re-
dots in Fig. 7. By comparing the FC and ZFC magnetization ,»ing negative for higher fields and presents complex

at 500 Oe measured for a chunk of the 0.75 samplgFig. Ly sieretic behavidisee Fig. %)]. Above the temperature of
8(a), open squargswith the magnetization measured for

powder[Fig. 8@a), closed squargone can correlate this de-
crease to the effect of enhanced diamagnetic response below 1.5¢
the onset temperature for bulk superconducting screening. 0.0
Interestingly, below this temperature the FC branch remains '
higher than the magnetization measured for powder. Similar -1.5}
behavior of FC magnetization was also observed for samples 150
with smallerx at lower dc fields. Figure(®) shows the ZFC
magnetization measured ldt.= 500 Oe for powder samples
of x=0.4 and 0.75 and for nonsuperconducting
GdBaCu0;_, (y~0.8). By comparing these dependencies , ,
two contributions to the signal can be separatedxfer0.4 15} 1os0k
and 0.75: a diamagnetism related to superconductivity and

0.0

-1.5

M (10" emu/g)

the paramagnetic response of Gdons. Paramagnetic be- 00 T

havior in the presence of superconductivity can be qualita- 151 © ;

tively understood assuming a quasi-two-dimensional charac- 200 200 0 200 400
ter of  superconducting layers  separated by H (Oe)

nonsuperconducting regions. For polycrystalline samples

with randomly oriented crystallines, the paramagnetic re- FIG. 9. The magnetic-field dependencies of the magnetization
sponse would arise from the crystallines for which superconmeasured ata) 4.5, (b) 20, and(c) 50 K for x=0.75 sample. The
ducting layers are oriented parallel to the external field thafield was cycled betweer 500 and 500 Oe.
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GdBaCu;Og». Larger magnetization values measured for
RuSKLGdCuy0Oq indicate that only for this compound the
long-range weak ferromagnetism of the Ru sublattice con-
tributes to the high-field magnetization by increasing its
value by about Lg. We should note that this contribution
suggests the considerable ferromagnetic alignment of the Ru
moments at high magnetic fields. However, the main mag-
netic contribution to the magnetization of RySdCuyOq
arises from the paramagnetic system of Gibns. This can
also indicate the constrained dimensionality of the supercon-
6 4 2 0 2 4 86 ducting regions in this material.
In conclusion, we report that the series of superconduct-
H(T) ing compounds with the formula Ru,Sr,GdCW,,Og_y
FIG. 10. The magnetic-field dependencies of the magnetizatior(fan be chceSSféJn”y synthesized at a high pressure of oxygen.
measured at 4.5 K for Ru,SrGdCu. ,Og_, sampleg(solid lines The maximumT;"=72K fxzo-g a_nq 0.4 remarkably ex-
converge to one curyeClosed circles show the behavior of super- C€€ds the superconducting transition temperature reported
conducting RuSGACwOs, open circles of nonsuperconducting for RuSEGdCuyOg (T2"=45K). The signatures of the mag-
GdBa,CuyOg . netic ordering of the Ru sublattice above the superconduct-
ing T, are present only for the=0.1 and 0.2 samples. How-

the superconducting transition tM(H) dependence reflects ever, this feature cannot be ungmbiguously attributgd o the
only the paramagnetism of &d ions (not shown. A de- bulk of the material, and detailed muon-spin rotation and
tailed discussion of the low-field magnetization behavior forneutron- dlffractlc_)n experiments are necessary to resol\_/e the
Ruy_,SKGACU,Og_, will be presented separately. magnetic behavior of the Ru sgblattlce d|Iutgd Wlth Cu ions.
The high magnetic-field magnetization dependencies col-—rhe obseryed reentra}nt .behaV|or of magqet|;at|on béligw
lected at 45 K  for the whole series of 85 well as its magnetlc-flelld d_ependence |nd|cat.e that at low
Ru,_,SKGACU,Oq_, are presented in Fig. 10. In this ex- temperatures the magnetization beco_mes domlnated .by the
periment the magnetic field was changed betwe&nb and paramagnetic response Qf the SUbI".’ltt'Ce o?*Gxd)ns. This
6.5 T in 1000-Oe steps, so the data does not delineate thoé)se_rvatlon_ was qualltanvely explained assuming a strong
complicatedM (T) behavior below 1000 Oe shown in Fig. quaS|-nNo-d|menS|onaI chara}cter of superc.on'ductmg regions.
9(a). The magnetizations fok=0 samples are presented Further studies o_f the na_n03|ze_3d characteristics of t_hese com-
with solid lines that appear to converge to the curve obtainego!indsli tahre required ;O |rt1_vest|gr:;]ate the suggested inhomoge-
for nonsuperconducting GdBau;O5, (open circles The nelty of the superconducting pnase.
closed circles in Fig. 10 represent the magnetization of the
RuSpGdCuy,0Og parent compound. By comparing parent and
x#0 samples it can be concluded that no additional contri- This work was supported by the ARPA/ONR and by the
bution from the Ru sublattice to the measured signal is obState of Illinois under HECA. It is a pleasure to acknowledge
served for the diluted Ru sublattice, i.e., magnetic response timulating discussions with Dr. George Crabtree and Dr.
characteristic for the paramagnetic Gdions as seen in  Clyde Kimball.
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