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Raman transport and magnetization study
of the RuSr,R,_,Ce,Cu,0;0+ s (R=Gd, Eu) high-temperature superconducting cuprates
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We present the results from a Raman transport and magnetization study ofRRu&e Cu,0,q, 5. This
compound has been shown to exhibit the coexistence of superconducting and magnetic order. Unlike the other
superconducting ruthenate cuprate, RR&U,0g, RUSER,_,CeCu,0;4, 5 CONtains a significant ferromag-
netic component. We find that the peak in the low-field zero-field-cooled magnetization data increases with
increasing Ce concentration. This increase is mirrored by an increase in the saturation magnetization at 9.5 kG.
However, there is no direct correlation between these increases and the superconducting transition temperature.
Furthermore, there are no well-defined changes in either the resistance or the thermopower data that can be
correlated with the magnetic-ordering transition. A simple explanation for the increase in the saturation mag-
netization at 9.5 kG is that, similar to SrRygCthe RuQ layers in RuSiR, ,CeCw,044. 5 are itinerant
ferromagnetic metals. We show that the R ,Ce Cu,0; ¢, s transport data can be interpreted in terms of
both the resistance and thermopower being dominated by the @yérs. In this interpretation, the RyO
layers only affect the resistance in the Gu@yers via exchange coupling and possible spin scattering. The
Raman spectra is essentially the same as that found in,RG80; and there is no evidence of Raman modes
that can be associated with tRe _,Ce O, substructure.
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INTRODUCTION perature dependence of the magnetization and the saturation
magnetization from Ru$SR, ,CeCu,04p.s (Xx=0.4,0.6)

It has recently been shown that both have been interpreted in terms of localized Ru moments with
RuSBER,_,Ce 00, s and RUSFRCu,0g (R=Gd,Eu)  significant spin canting'® Furthermore, the data have been
display superconducting and magnetic order with thdnterpreted in terms of the coexistence of superconductivity
magnetic-ordering temperature being up to four times greatetnd ferromagnetism where there is a spontaneous vortex
than the superconducting transition temperatfr&hese su- phase for tegmperatures near the superconducting transition
perconductors were discovered by Bauernfeind, Widder, anipmperaturé: _ _

Braur®* and the unit cells are assumed to be similar toNbEélggnganzgglovéih i';d:: c’?Ieba%EtlrJ\zz;tX&e)e(r%LgﬁgOJI&d Ezdsig

5 5 , -
L%?Bi?lga;g?gﬁgéﬁﬁe'segr?:ﬁrfffugr_tf:(sctl:zecéhoﬁ‘géuigg Onnificant differences in the electronic and magnet_ic properties
RuSKLRCuw,053 where a number of studies have reported thal RUSERzC&CL00. 5 and RUSIRCL,Og. ThiS is ap-

. : YIS parent in Fig.1 where the  structures  of
RuSKLRCuU,05 is a ferromagnetic superconducfot? This RUSER, ,CeC0y0. s and RuSjRCL,Os; are shown

generated considerable interest because superconductivi ased on the Nb Ce.CuO and NbBaRCWO
cannot coexist with magnetic order without some form ofl(tg M2 L8LUO10+ 5 e

accommodation, for example, via a spontaneous vortex

phase or by a modulation of the respective order
parameters® However, a neutron powder-diffraction study

showed that the low-field magnetic order in Ry&HCWOg ,;a—o—ozf

is predominantly antiferromagnetic in the Ru@yers and I J) T
that there is a magnetic reorientation with increasing applied | O | |

magnetic field® A magnetization study on RugguCu,Og

showed that the magnetization data could be interpreted in Q\o——e;'?
terms of predominantly low-field antiferromagnetic order ® R
(0.05ug/Ru at 5 K) and a spin reorientation to ferromagnetic ~ [#—°—|;» cu

order with increasing magnetic field. In the case of l | o@
RuSK,GdCuOg the remanent magnetization is higher [ 7§ SO l" o@
[0.15ug/Ru (Ref. 16 or 0.115u5/Ru (Ref. 17 at 5 K] but J;iJ}__ori_J;gL A
is still within the upper estimate of a ferromagnetic compo-
nent determined from a powder-neutron-diffraction sttily. o
Although, superconducting RuR, ,CeCu,0,4, s has
not been studied as extensively as RR&U,Og, it is appar-
ent that it is more interesting because there is evidence that FIG. 1.  Structures for (@ RuSERCW,Og  (b)
RuSBR,_,CeC,04¢; 5 is a ferromagnet!®® The tem-  RuSkR,_,CeCu040, 5, and(c) Nd,_,Ce,Cuo,.

a b c
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analog$). The only significant structural difference betweenwere also extra weak peaks far<0.8 that could not be
NbBaRCwW,0g and RuSyGdCu0g is that the Ru@octahe-  indexed to the RuSR,_,CeCu,04q, sl4/mmm space group
dra in RuSyGdCuOg are known to be rotated about tike or other possible impurity phases. We show later that the
axis by ~14° (Refs. 8 and 1] (one study also reported a small SkGdRuQ, impurity fraction did not effecfT; or the
buckling of the Ru-O-Cu bortd). These rotations form co- magnetization data.
herent domains extending up t620 nm. It is not known if The Raman data were obtained on ceramic-powder
the RuQ@ octahedra in RuSR,_,Ce,Cw,04q, 5 IS also ro- samples using the 514.5-nm line of a Ar-ion laser. The inci-
tated. It can be seen in Fig. 1 that RUSCW,04 is essen- dent power was less than 20 mW. The incident light was
tially a CuQ, bilayer superconductor. However, vertically polarized and the scattered light was unpolarized.
RuSKpR,_,CeCu,0,0.5s (based on the reported However, the polarization sensitivity of the double mono-
NbSKEUW,_,CeCw,0;,, 5 Structuré contains arkR,_,Cg0,  chromator and the CCD detector meant that the detected
structure in between the CyQayers that is similar to that light was predominantly vertically polarized. The resistance
seen in theR,_,Ceg,CuQ, electron-doped’ structure. The data was obtained using the four-terminal technique and the
comparison is more evident in Fig(cl where we show the thermopower data was obtained using the standard differen-
R,_,CeCuQ, T’ structure. Thus, the transport and super-tial method. The variable-temperature magnetization data
conductivity behavior in the CuQayers might be expected were obtained using a vibrating-sample magnetometer for
to be similar to that of the single-Cy@ayer superconduct- temperatures greater than 15 K and for magnetic fields of up
ors. Unlike RuSjGdCu0O; the Ru atoms in to 10000 G. One sample was also measured using a SQUID
RuSKR,_,CeCu,00.5s (based on the reported Magnetometer.
NbSKLEW,_,CeCw,0;0, 5 Structurg are not directly above A part of the RuSjGd,; ,C& CU;010+ s SAMple was an-
each other in the adjacent Ru@yers. It is therefore likely nealed at 600 °C in 0.1% £&and 99.9 % Ngas for 14 h. The
that the Ru-Ru exchange energy in theaxis direction is decrease ind was estimated from the change in mass to be
significantly different. 0.10 and there was no evidence of superconductivity. An-
We have performed a Raman transport and magnetizatiopther part of the Ru$6d, ,Ce ¢CU,010+ s SaMple was an-
study of RUSR,_,Ce,Cu,0y, 5 With the aim to understand nealed at 100 bars in oxygen for 12 h at 600 °C, ramped to
the vibrational, magnetic, and superconducting behavior 0850 °C over 24 h, and annealed at 350 °C for 72 h. We ob-
RUSKR,_,Ce,Cu,0;0, s. We show below that the saturation served a mass change corresponding to an increagenfn
magnetization at 9500 G can be interpreted in terms of itin0.07.
erant ferromagnetism in the RyQayers. Furthermore, the
transport data are dominated by the Gu&yers and there is RESULTS AND ANALYSIS
possibly weak coupling between the carriers in the €uO )
layers and the RuQlayers. We also show that the Raman The RuSjGd,_,CeCu,0,0, ; lattice parameters were,

modes are similar to those found in ReBEW,O;. within experimental error, independent of Ce concentration.
We found that a=(3.840-0.004)A and c=(28.58
EXPERIMENTAL DETAILS +0.03) A. These values are comparable to those reported by

Bauernfeind, Widder, and Braufa=3.836A and c

The RuSsR,_,CeCu,044; s sSamples were made from a =28.58 A (Ref. 3]. It is particularly interesting to note that
stoichiometric mixture of Rug SCO;),, Ce(, CuO, and the a-axis lattice parameter is within the range of that ob-
Gd,0; or Ew,05. The samples were first annealed in air atserved in RuSGdCuy,0g [a=3.838 A (Ref. 3]. In the case
960 °C for 16 h and thefi) heated at 1010 °C in flowing N of RuSKLGdCy0;5 it is assumed that the rotations of the
for 10 h, (i) heated at 1050 °C in flowing {for 10 h, (i)  RuQ; octahedra are driven by the large Ru-O-Ru bond length
heated at 1055 °C in flowing Jor 10 h and thertiv) heated when compared with the Cu-O-Cu bond length. Thus, a simi-
at 1060 °C in flowing Q for seven days. The samples were lar a-axis lattice parameter in both RuySdCyOg
then cooled to room temperature at a rate of 4 K/min. Theand RuS)Gd,_,CeCu,0,0.5s Mmay indicate that
sintering in N gas is required to suppress the SrBuO RuSkGd, ,CgCw,0,q, s also has a rotation of the RyO
phasé’ This results in SiIRRuQ;, CeQ, and CuO. A octahedra.
La; g:51p.1LCU0, sample was made from a stoichiometric mix  We  find  that, while  the  structure  of
of La,Os, SHNO3),, and CuO. The powder was annealed atRuSpGd, ,CgCuw,0O4p, 5 contains the electron-doped
700°C for 1 h and then pressed into pellets, which werel’R,_,CgO, substructure, there is no evidence of the cor-
heated at 990 °C, 1010 °C, and 1030 °C in air for 48 h. responding phonon modes. This is apparent in Fig. 2 where

The samples were characterized and the lattice parameteng plot the room-temperature Raman spectra from
obtained, using x-ray diffractiofXRD) with a CoK, x-ray = RuSkGd, ,C&) (Cl,010+ 5. The four peaks at-260, ~320,
tube. The LagSr, 14CuU0, sample was single phase. There ~440, and~650 cm ! are also observed in RuSdCu,Og
was no evidence of SrRup Ce(, CuO, RuSyRCu,Og, and have been attributed to oxygen vibrations arising from
Gd,CuQ,, or SERW,0; in the RuUSsR, ,Ce,Cw,04g, s XRD  the Ru-O-Ru, Cu-O-Riout of phasg Cu-O-Cu(in phase,
patterns after the final 1060 °C synthesis. However, samplesnd Ru-O-Cu bonds, respectivéfyThere is no evidence in
with x=<0.8 displayed a small fraction of excess&IRuQ,  the Raman spectra for peaks that can be attributed to O(4)
(<~7% for x=0.5 with the excess $6dRuQ, systemati- vibrations from theR,_,Cg O, substructure. In the case of
cally decreasing with increasing Ce concentration. Ther&d, ,CeCuO,, Raman peaks are observed at 347, 492, and
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FIG. 2. Plot of the room-temperature Raman spectra from
RuSKGd,; L& ClO104 5- 0 100 200
596 cm L. The peaks in the Gd,Ce,CuO, Raman spectra T (K)

at 347 and 492 cmt have been attributed tB,, and E .
vibrations of 4), respectively, while the peak at 596 o Wm']: lg)' 3 - g_lit g_ f5,th§ GEE)Slitjg?g’ g?;] Oeg?%_’}ig‘iff(?vtofnﬁdi_
IS assigned as Ay peak, which may be due to _0(4) SIeS cates increasing Ce concentration. The resistance data have been
In tg‘oe structures that have been rotated to be directly abovgtically scaled to the same value at 220 K. Also shown is the
Cu It can be seen in Fig. 2 that there is an additional broagesjstance from the Rugd, ,Ce, Ct,040, 5 Sample, which was
peak near 400 ciit in the RuS§Gd,_,Ce,Cly0;, s Raman oxygen loaded at 100 bargdotted curve, Fig. @],
spectra, however, this peak is not near any of the expecteduspEy, ,Ce,C,0:0. 5 [dashed curve, Fig. (@], and
R,-xCe0, substructure peaks. The absence of O(4) vibraRuSsGdCwOg [dashed curve, Fig.(8) (Ref. 21]. Figure 4b) in-
tions in the RuSiIGd, _,Ce,Cu,044. s Raman spectra may be set: Plot of T, and T,(0) against Ce content.
due to disorder from a variable Ce content and a variable
oxygen content in the R ,Ceg,O, substructure. case of RuSGd; ,Ce) CWw0;0s 5, Which has the smallest
It can be seen in Fig. 3 that both the zero resistanceincrease, the semiconductorlike upturn disappears after oxy-
T¢(0), and theinitial decrease in the resistanc;, vary  gen loading at 100 bars as can be seen by the dotted curve in
systematically with increasing Ce concentration. This isFig. 3a). The origin of the semiconductorlike upturn in
clearer in the inset to Fig.(B) where we plotT.(0) (open  oxygen-deficient samples is not clear. It may be partly due to
circles and T (filled circles against the Ce concentration. oxygen depletion at the grain boundaries. We note that
We find thatT(0) andT, are maximum for 0.6 Ce being 35 Bauernfeind, Widder, and Braun also observed the progres-
K and 50 K for RuSjGd, ,Ce Cu,010; 5, respectively. In sive development of a low-temperature semiconductorlike
the case of RUSEu; ,C& CO10: 5, Te(0)=26K andT,  upturn with increasing oxygen deficienty.
=49 K. The maximunil;(0) andT, values are higher than The resistance transitions are much broader than those
those reported by Felnet al.[~20 and 42 K forx=0.6 and  observed in many of the other HTSC. For example, the su-
R=Gd (Ref. 1] and are comparable to those of Bauernfield,perconducting transition width is about 14 K for the as-made
Widder, and Brau38 and 45 K forx=0.5 andR=Gd (Ref. = RuSpGd,_,CeCw,0;0.s Sample. The superconducting
3)]. The T, values for RuSiGd; 4Cey (Cu,019: 5 are also  transition width is broader than that observed by Bauern-
comparable to those in RuSdCu0Og [T.=45K (Refs. 9  feind, Widder, and Brauhand it is comparable to that ob-
and 21]. However, T, for RUSKEU, 4 & {Cw,040- 5 is Sig-  served by Felneet al! Furthermore, as can be seen in Fig.
nificantly higher than that in RugEuCuyOg [T,=32K  3(b), the superconducting transition width is comparable to
(Refs. 16 and 21. It is interesting to note that the values of that observed in RugBdCu,0g.2! Part of the superconduct-
T.(0) andT, in RuSKGd; .Ce) L0, s are also signifi- ing transition width may be due to oxygen disorder in
cantly higher than those reported in nonmagneticRuSpGd, ,CeCu,0.q.s and structural disorder in
NbSKLEU, ,C& C010; 5 (~13 and~20 K, respectively). RuSpLGdCuy,0g. However, we note that a broad supercon-
This may suggest thdk. is not being significantly affected ducting transition is also expected within the spontaneous
by the magnetic order in the RyQayers(e.g., by possible vortex phase model.
magnetic pairbreaking Unlike some other dopants in HTSC we find that most of
It is apparent in Fig. 3 that the resistance data for all thehe additional electrons introduced by Ce do not appear to be
as-made Ru$Gd, ,CeCu,04. s Samples display a semi- significantly altering the hole concentration on the GuO
conductorlike increase for low temperatures. However, in thelanes. This is apparent in the inset to Figh)3vhere it can
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be seen that an increasexifrom 0.4 to 0.8 results in a small - - -
increase and then decreaseTin If all of the electrons were 9080l © a 1
doped onto the Cufplanes then the hole concentration %j‘; *

should decrease by 0.2. However, by comparison with other  60(E 50 **#e® nanaannasstosssnss 10|
HTSC?2a decrease in by 0.2 should result in large changes ¥ |7 o.% o8

in T.. This is apparent by noting that most HTSC have beeng 30 a,ﬁﬁ.v.v.%gg%%%%ggg(}}:{{;\;;;-...380'4 ]
shown to follow the T (n) correlation, T((N)=T, mall o aTaeERe° oeesecen
—82.6(n—0.16)"] where superconductivity occurs for 0.05 0 L3 355

<n=0.27%2 Thus if RuSsR,_,CeCl,0;,. s is underdoped . . '
(n<0.16) thenT, should decrease from 43 K far=0.4 to 0 40F ' ' T
for x>0.6, which is obviously not the case. On the other _++++++++'***”*‘*‘*;*;*_‘2*.‘*.+.+.+_+_+-,+,‘i;;ff“:O'GCG
hand, if we assume that RuSid,_,Ce,Cu,04q, 5 IS OVer- sop o~ __.-::ooooooo%ooo%o LI
doped, then by comparison with other HTSK,should dra- ~__ { o 14Gd06Ce o
matically increase and then decrease. It is possible that, simi< 20} oy -

lar to Bi,Sr,Ca Y, Cw,0g, 5,2° the additional electrons = / __.d"':o°° 2

introduced by C& are partially compensated for by an in- ¢ 10} ! .OOOOO b g o

crease ind. For example, an increase infrom 0.4 to 0.8 / _go R
could be compensated for by an increasé af 0.2. It is also 0 oo , — —o—
possible that the additional electrons introduced b§'Cee 0 100 200 300
appearing in the RuOlayers. The possible effects of a T (K)

change ins or a decrease in the Ru valence can be seen using

simple valence counting. In the case of RIBICY,Ogq it has FIG. 4. (a) Plot of thermopower against temperature from

been shown from a x-ray absorption near-edge spectroscofiuSsGad;—,CeCuU,010. s With x=1.0 (open up trianglgs 0.8
(XANES) study that the Ru valence i$4.62* Thus, from  (open down trianglgs 0.6 (open circleg andx= 0.4 filled circles.
simple valence counting, this gives a Cu valencepsf  Also included is the thermopower from Ry6u; & (CU;010+ 5
+2.2, which is close to that of underdoped Y,Ba,Og and that had been annealed at 600°C in O.1%(§blid curve. Inset:
underdoped YBfCw0,_ 5. From the similarT, values of Plot of S(300K) against Ce fraction for as-made

: RuSKLGd,_,CeCu,04p, (filled circles from
RuSpR, ,CeCu,0 and RuSyGdCuy0Og we might ex- X 108 )
pect '?haxt Q(tthjaz H&j valence isLh ;|50~+292 in RuSKGd, ,Ce L0410, s that had been annealed at 600 °C in

. - 0.1%0, (open circle and from RuS)Gd, ,Ce) {Cu,0,4, 5 that had
RUS"ZRZ’XCE'XCUZO.N”' Thus, using p=0.5+ 5+. v been oxygen loaded at 100 bécsoss. (b) Plot of the thermopower

- AU - 25 } N tagainst temperature for Ru&d; ,Ce) Cu,0,0, s (Open circley,
p=+2.2 and l_Jsmg/—_O for x=0.5; We_flnd thaté_—0.0S RUSKEU, .Ca, C0y0. 5 (filled squares and La ¢St LU0,
for x=0.5. It is possible thap=+2.2 is maintained for (,jus symbols Inset: Plot of the thermopower derivative against

increasingx by a corresponding increase & _ temperature for Ru$Bd, ,Ce L0405 (Open circley and
We show later that there are significant changes in thgys,GdceCy0,,. 5 (open up triangles

low-field magnetization data commencing between 70 and
130 K, depending on the Ce concentration. If the RI&)-  very underdoped high-temperature supercondug#irSC)
ers contributed significantly to the normal-state conductivityn~0.065 (Ref. 9]. This was based on th®(300K) hole-
then we might expect the magnetic ordering in the RuO concentration correlatiof?, which has been found for most
layers to be mirrored by a decrease in the resistance. This if the HTSC'’s. A similar interpretation 08(300K) for
observed in other ruthenate compoufi$® For example, RuSKGd, e, ClhO10s would imply that
there is a decrease in the SrRu@esistance near the RUSEGdz;xCé«CUzOlow is a hole-doped HTSC and the
ferromagnetic-ordering temperatufi60 K).*® However, itis  maximum hole concentration is0.10 forx=0.6. However,
clear in Fig. 3 that it is not observed in there is a problem because according to 8{800K) vs
RuSKGd, Ce& ¢CU010+ 5, €ven after the 100-bar anneal, hole-concentration correlation,  S(300K) for
and it is also not observed in RYRCW,Og.>***!In the case  RuSEGd, ,Ce,Cu,0y. s Should systematically increase
of RUSELRCW,Og the effect of the Ru@layers is observed with increasing Ce concentratidgie., decreasing hole con-
indirectly by magnetoresistance measuremé&ms. It is centration. It may be that like La_ ,Sr,CuQ,*
therefore  possible that the RO layers in  RuSKGd,_,CeCu,0;¢, 5 does not follow theS(300K) vs
RuSKGd; ,C& ¢CU:010+ s do not contribute directly to the hole-concentration correlation or the electrons introduced by
normal-state conductivityi.e., oryo, <o cuo)- Cé't are partially compensated for by an increase.in

We show in Fig. 4 that the thermopower also changes The effect of oxygen unloading is to increaSg300 K)
with increasing Ce concentration. It can be seen in the insevhile oxygen loading decreas&€300 K) as can be seen in
to Fig. 4a) that the room-temperature thermopower initially Fig. 4(a) inset for the RuSGd; (Cey L0, s Sample. The
decreases and then increases with increasing Ce concentdecrease in oxygen content for the oxygen unloaded sample
tion (filled circles. It had previously been argued in the casecorresponds to a maximum decrease in the hole concentra-
of RuSp,GdCu0Og that the room-temperature thermopower tion in the CuQ planes of 0.10. It might be expected that a
S(300K) of RuSsGdCu,0g(~60uV/K) is indicative of a  decrease ird of 0.10 is equivalent to a 0.20 increase in the
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Ce content. However, this does not appear to be the cas 4,
becauseS(300K) for the oxygen-reduced sample is even
higher than that for the 1.0 Ce sample. We show later that 0.8} .

changes in the magnetic order correlate with a decreade in __ a ]
of 0.10 corresponding to an increasexiof 0.20. "o 06 Gd:Ce ]
The temperature dependence of the thermopower fong 50 Gauss
RuSKR,_,Ce,Cu,040, s has features similar to those found @ 0.4F ]
in RUSELRCW,0,.92! In particular, S(T) is flat or initially = ol ]

increases with decreasing temperature. At a lower tempera
ture of ~170 K, S(T) begins to decrease for all the samples 0.0 : , ; ;
studied. This is clearer in the inset to Figb¥where we plot 3

dS/dT against temperature for Ru&d; £ L0105 P
(open circles The normal-state temperature dependence of
the derivative is essentially the same for all the supercon-
ducting RuSyR, _,Ce Cuw,044, s Samples and is only differ-
ent for nonsuperconducting RyRCeCyO;,. s (open up
triangles. Although there is no generally accepted model for
the thermopower in the HTSC, we believe that the ther-
mopower is dominated by the CyQayers. In two of the

3 1.4Gd:0.6Ce 100 * 17

1.0

other HTSC'’s, which contain CuQplanes and conducting 0 50 100 150 200
CuO chains or CuO ribbons, it has been shown that the ther T (K)

mopower can be modeled a§5(T)=((rCqu/<fT)SCuO2

+(0cyol 1) Scuo, Whereocg, is the conductivity from the FIG. 5. (a) Plot of the zero-field-cooled magnetization at 50 G

. . . from RuSpGd, _,Ce,Cu,0,q, s With x=0.4, 0.6, 0.8, and 1.0. The
CuG; planesocyos the conductivity from the CuO chain or arrow indicates increasing Ce fractidb) Plot of zero-field-cooled

ribbons, o is the total conductlwty,SCuO2 is the ther- magnetization from RuSBd, ,Ce, Oy, 5 With H=50, 250,
mopower from the Cu@ planes, andSgo is the ther- and 1000 G. The arrow indicates increasidgInset: Plot of the
mopower from the CuO chain or ribbo#5.*2 Thus, the in-  maximum zero-field-cooled magnetization temperature at 50,G,
terpretation of the RuSR, ,Ce Cu,0,4, s resistance data in for RuSKLGd, ,CeCu,040; 5 (filled circles and
terms ofaRu02< Ocuo, Can lead to the thermopower being RUSKLEW, ,CgCw,04,, , (filled up triangles. Also shown isT, for
dominated by the Cuglayers. the RuS§Gd; .Ce) CW,0;0. s Sample annealed at 600 °C in 0.1%0

It is important to note that the decrease in the ther-©Pen circlg and at 100 barécross.
mopower below~170 K does not imply that the decrease is
somehow related to the magnetic order. This is apparent ithis peak disappears with increasing magnetic field as can be
Fig. 4(b) where we also plot the thermopower from under-seen in Fig. ®). Similar features were observed in
doped LagSr4CuUO, (crosses It can be seen that RuSkEW, ,CeCuw,0;. s for x=0.5 andx=0.6 where the
La; g:51p.1LCUQ, displays general features similar to thosedata was interpreted in terms of localized Ru moment mag-
seen in RuSGd, ,CeCuw,04q, 5, €xcept that the decrease netic ordering at 180 K, slight spin canting belowl70 K,
in S(T) occurs at a lower temperatute-130 K). Further- and Ru-Ru and/or Gd-Ru interactions at lower
more, as we show later, the peak in the zero-field-cooledemperature$!® However, as we show later, the saturation
magnetization and the saturation magnetization systematimagnetization data at 9500 G can be interpreted in terms of
cally increase with increasing Ce concentration. Howeveritinerant ferromagnetism in the RyQayers. Unfortunately,
this is not reflected by changes in the temperature deperthere are no reports of neutron diffraction or very-high-field
dence of the thermopower. magnetization measurements, which would provide a better

The rapid decrease i8(T) for RuSER,_,CeCw,04p. 5  understanding of the magnetic order in
at low temperatures signals the onset of superconductivittRuSkR,_,CeCu,0,¢; 5. In the absence of such data, we
We find that the zero-thermopower temperat#® K for  associateT, with the ferromagnetic ordering in the RyO
R=Gd and 41 K forR=Eu for x=0.6) is close toT; as layers. We note again that there was no evidence of S§RuO
determined from the resistance data. Similar behavior is obtmagnetic-ordering temperature of 160 K the XRD pat-
served in RuSKGdCuy,Og, where zero thermopower occurs at tern.  There was some evidence of SRuQ and
~49 K, the resistance begins to decrease below 45 K, and Bu,SrRuQ but these phases do not magnetically order above
specific-heat jump is observed at 45°R: 100 K.

Itis apparent in Fig. &) that there are systematic changes  We show in the inset to Fig.(b) thatT, at 50 G increases
in the low-field zero-field-coole@FC) magnetizatiorM ;e systematically with increasing Ce concentration and there is
from RuSpGd, ,CeCu,044. s With increasing Ce concen- no significant change foR=Gd (filled circles or R=Eu
tration. In particular, there is a peak i, at a temperature (filled up triangles. It is not clear if the increase i, is due
T,, which increases in temperature with increasing Ce conto the additional holes going onto the Ruf@yers or struc-
centration, and for higher temperatures there is a gradualirally induced changes in the Ru@yer band structure. A
decrease iM zrc with increasing temperature. Furthermore, similar increase in the magnetic-ordering temperature has
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FIG. 6. Plot of the magnetization againdd for (a)

RuSKGd; ,Cey «CW,0y0: s With T=17, 37, 57, 77, 117, and 118 K;
(b) RuSKEU; ,Cey dCU,049, s With T=17, 37, 56, 77, 98, and 121
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FIG. 7. Plot of the remanent magnetization against temperature
for RuSpGd, ,CeCu,04¢, s With x=0.4 (filled down triangleg,
0.6 (filled circles, 0.8 (filled up triangle$, and 1.0(filled dia-
monds. Also included is the remanent magnetization from
RUuSKEU; ,Ce {C W01+ 5 (solid curve and the
RuSKGd, L L0, s Sample that had been annealed at 600 °C

K. The lower-temperature loops have larger hysteresis. The initialn 0.1%Q; (open circles Inset: Plot of the magnetization at 9500 G

increase irH has been removed for clarity.

been observed in Ga,Sr,RuO; with increasingx for x
>0.32"33However Ca and Sr have the same 2alence and
hence the increase ih, with increasing Ca concentration is

and 16 K from RuSiGd, ,CeCu,044, s (filled circles and
RuSKEU,_,CeCu,0,0, 5 (filled up triangley. The GAd" Curie-
Weiss contribution was subtracted from the
RuSKGd,_,CeCu,0;, s data. Also shown is the corresponding
remanent magnetizatiofmpen symbols

not due to a simple doping effect. It is interesting to note that

the removal of oxygeri.e., the removal of holgsfrom
RuSKER; ,CeCW,04, 5 has the same effect o, as an
increase in Ce concentratidine., the removal of holgsThis
can be seen in the inset to Figbbwhere we plot the data
for the RuS§R; 4Ce& (CW,040, s SaMple, which had been an-
nealed at 600 °C in 0.1%{as resulting in a decrease é

We show in Fig. 8 that the magnetization saturates for
moderate magnetic fields-2500 G after which the magne-

tization increases slowly with increasing magnetic
field. Here we plot the magnetization
from RuSkEW, _,CeCu,040; 5 [Fig. 8@] and

by 0.10 (open circle or an equivalent increase in the Ce RysSpGd,_,Ce Cu,010: s [Fig. 8b)] at 16 K. The linear

content of 0.20. Also shown in the inset to Figbbis T, for

saturation of the  magnetization observed in

the RuSR, & CU,010, 5 Sample annealed at 100 bars rygpR,  Ce Cu,044, 5 for magnetic fields above 2500 G
(cross symbol| which results in an increase in the 0xygen ;.4 at 16 K can be contrasted with REEICU0; [dashed

content of 0.07. It can be seen thigf decreases in a manner
consistent with an equivalent decrease in the Ce content Q

0.14.
We show in Fig. 6 that both Rugtd, ,CeCu,04g; s
and RuS)Eu, ,Ce,Cu,04, 5 display similar magnetic hys-

teresis with increasing applied magnetic field. Here we plo

the magnetization against magnetic field for0.8. The

larger gradient observed for Gd is due to the large Gd mo

curve in Fig. 8 and at 25 K(Ref. 16], where the magne-
zation has not saturated for magnetic fields as high as
60000 G. The magnetization for Ry&id, ,CeCuw,01p. s

has a slope that is much greater than that of

BuS@Euz,XCe;(CuZOmM, which is due to the Gd mo-

ment. In the case of Rugu, ,CeCu,0;y. 5, the Van
Vleck paramagnetism from Bl at 16 K is too small to

ment. It can be seen that both the remanent magnetizatigifcount for the increase in the magnetization abe@s00
The resultant remanent magnetization is plotted in Fig. 7 foind Ce concentration, we plot the magnetization at 9500 G

fully loaded RuS§Gd,_,CeCw,040, s (solid symbol$ and
RUuSKEW, ,Cey LC,040, 5 (sOlid curve. We find that the
remanent magnetization from RySd, ,CeCu,04q, s falls
onto a common curve for 06x=<1.0 and is still finite for
temperatures up to 100 K. Oxygen removalxer0.6 has no

and 16 K from RuSEW, ,Ce,Cu,04¢, 5 in the inset to Fig.

7 (solid up triangles Also plotted is the magnetization at
9500 G and 16 K from Ru$&d, ,CeCw,04q, s (filled
circles after subtraction of the Curie-Weiss term attributed
to the Gd* moment, which is assumed to be.Z/Gd (Ref.

significant effect on the remanent magnetization as can b8) in RuSp,GdCuyOg. It can be seen that the saturation

seen by the open circles in Fig. 7.

magnetization increases consistently for both
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and RuSyR, _,Ce Cuy,040, s We would expect a mixture of
3,6 (RU) and t3,(RUP") with S=2 and S=3/2, respec-
tively. Therefore, we might expect the saturation magnetiza-
tion to be between 4g/Ru and 345 /Ru. However, as men-
tioned above, the saturation magnetization at 9500 G and 16
K for RuSpR,_,CeCu,040. 5 is less than Lg/Ru. Fur-
thermore, the saturation magnetization at 60 000 G and 5 K
for RuSRLEUCYOg is only ~1ug/Ru.

The itinerant ferromagnetic interpretation  for
RuSpR, ,CeCuw,0;0, s conveniently explains why the
saturation magnetization is less than that expected within a
local moment model and why the saturation magnetization
varies systematically with increasing Ce concentration. A
similar increase in both the saturation magnetization and the
magnetic-ordering temperature is observed in G8r,RuG,
for x>0.3 where, as mentioned earlier, the substitution of
SP* for C&" is not expected to result in a simple doping
, , , , ) X effect. The changes observed in,CgSr,RuUO; have been

7500 -5000 -2500 O 2500 5000 7500 interpreted in terms of band effects where the underlying
H (Gauss) interaction is assumed to be ferromagnéti¢’**The low-
field antiferromagnetic order of RusRCu,Og and the spin-

FIG. 8. (@ Plot of the magnetization against at 16 K for  flip transition for higher applied fields indicates that the in-
RUSKLEW,_,CeCU,01+ s With x=0.4, 0.6, 0.8, and 1.0. The arrow teractions are more complex in  RyBCW,O;.
indicates increasing Ce fraction. The dashed curve is forantiferromagnetic order is observed in another ruthenate,

RUS&EUCL&OG and at 25 Kl6 (b) Plot of the magnetization against SrZGdRuQ’ but this ruthanate is also an insulator.
H at 16 K for RuSyGd,_,Ce,Cu,0,4, s With x=0.6, 0.8, and 1.0.

The arrow indicates increasing Ce fraction. The initial incread¢ in
has been removed for clarity. CONCLUSION

M (uy/Ru)

M (u/Ru)

We have shown that the RyR, ,CeCu,0;, s trans-

RUSKEW,_,Ce,Cu0;. s and RuSiGd,_,CeCuO1p; 5. port data can be interpreted in terms of the Gu@yers
Also shown in the inset to Fig. 7 is the corresponding rem-dominating the electrical conductivity and the thermopower.
anent magnetization at 16 (pen symbols There is possibly exchange coupling from the carriers in the

There are a number of similarities between the magneti®RUQ; layers to the conduction-band carriers in the Gl&y-

and electronic behavior of the RyQayers in SrRug  ©rs, as is observed in RURCW,Oq. There is a low-field
RUSKLRCU,0g, and RUSHR,_,CeCu,0;0. 5. For example, Peak in the zero-field-cooled magnetization and the satura-
the octahedral crystal field results in thé*band splitting to  tion magnetization increases with increasing Ce concentra-
become a tripletty) state and a higher-energy doublegX tion. However, there is no direct correlation between these

valence band. Thus for R, the ground state should have increases and the superconducting transition temperature,
S=1 and hence the saturation moment should bg2/®u. which may indicate that pairbreaking via coupling to the

However, in the case of SrRy@nd RuSjEUCWOg the satu- RuG, layers is_ wgak._AIthough the temperature depe_ndence
ration moment at 60 kG @h5 K is only ~1.3ug/Ru (Ref. of the magnetization is complex we show, by comparing the
27) and ~ 1ug/Ru (Ref. 16, respectively. Interestingly, the saturation magnetization with that from other ruthenate com-
moment per Ru in SrRuphas not saturated for magnetic PoUNds, that the magnetic order in the Bu@yers can be

fields as high as 300 kG~ 1.4ug/Ru at 300 kG and 50 K interpreted in terms of itinerant ferromagnetism. The room-
(Ref. 27]. In the case of SrRuQit is now believed that temperature Raman spectra display the same modes found in

SrRUQ is an itinerant ferromagnetic metal as well as aRUSERCWLOg and there is no evidence of O(4) Raman
“bad” metal with a very small mean free path2’ It is modes that are observed in the electron-dofetiTSC.

therefore possible that the Ry@yers in both RUSRCu,0; ~ ThiS may be due to O(4) site disorder in thg_,Ce0,
and RuSjR,_,Ce,Cu,0y0. 5 display itinerant magnetic be- layers, which could arise from a variable oxygen content in
havior. This interpretation is different from that suggested by€ R2-xC80 layers.

a recent XANES study on RugRCu,Og where the data was
interpreted in terms of a mixture of Ruand RG™ ferrimag-
netism and it was suggested that there is a double-exchange
interaction in the Ru@ layers?®* The double-exchange Funding support was provided by the New Zealand Mars-
mechanisrf' has been invoked to explain the ferromagneticden Fund and the Alexander von Humboldt Foundation. We
transition in La _,Sr,MnO5, where the ordering is accompa- acknowledge helpful discussions with H. J. Trodahl and S.
nied by a dramatic decrease in the resistiviFor the  Kramer. We thank R. Fairlie for oxygen loading and measur-
double-exchange mechanism to be valid in R&&u,Og  ing one of the samples.

ACKNOWLEDGMENTS

094515-7



G. V. M. WILLIAMS AND M. RYAN PHYSICAL REVIEW B 64 094515

IA. Felner, U. Asaf, Y. Levi, and O. Milio, Phys. Rev. %5, 3374  '8|. Felner, U. Asaf, Y. Levi, and O. Millo, Physica 834 141
(1997. (2000.

2C. Bernhard, J. L. Tallon, Ch. Neidermayer, Th. Blasius, A.'°E. B. Sonin and I. Felner, Phys. Rev.53, 14 000(1998.
Golnik, E. Bricher, R. K. Kremer, D. R. Noakes, C. E. Stronach, °R. T. Heyen, R. Liu, M. Cardona, S.Rih R. J. Melville, D.

and E. J. Ansaldo, Phys. Rev.9®, 14 099(1999. McK. Paul, E. Mora, and M. A. Alario-Franco, Phys. Rev. B
3L. Bauernfeind, W. Widder, and H. F. Braun, Physic2%, 151 ” 43, 2"85k7(199])l-"" il ds. K
(1995. M. Pozk, A. Duldc, D. Pgar, G. V. M. Williams, and S. Knaer,
4. Bauernfeind, W. Widder, and H. F. Braun, J. Low Temp. Phys'zzMPhlgsiD?ees\llér?((jtonT_ p_:_g:'g:el; 6. Buckiey, R. S, L, and N, E
105, 1605(1996. A Jy - L ILATICH , R.oS. Ly, . E.
N~ - . Flower, Physica 76, 95 (1991).
SL. Rukang, Z. Yingjie, Q. Yitai, and L. Zuyao, PhysicalZ6, 19 286 v M WiIIiyams D G Poijke?D 3. Pringle, H. 3. Trodahl, J. L
(1992.

Tallon, J. Quilty, N. Malde, J. Driscoll, A. Crossley, and L. Co-
hen, Phys. Rev. B2, 1379(2000.

24R. S. Liu, L.-Y. Jang, H.-H. Hung, and J. L. Tallon, Phys. Rev. B
63, 212507(2001).

6T. J. Goodwin, H. B. Radousky, and R. N. Shelton, Physica C
204, 212 (1992.
3. Tallon, C. Bernhard, M. Bowden, P. Gilberd, T. Stoto, and D.

6 Pringle, IEEE Trans. Appl. Superconl. 1051(1999. 25| Felner, U. Asaf, C. Godart, and E. Alleno, Physic2B9—261,
A. C. McLaughlin, W. Zhou, J. P. Attfield, A. N. Fitch, and J. L. 703(1999.

Tallon, Phys. Rev. B0, 7512(1999. 26p_ B, Allen, H. Berger, O. Chauvet, L. Forro, T. Jarlborg, A.
93. L. Tallon, J. W. Loram, G. W. M. Williams, and C. Bernhard, Junod, B. Revaz, and G. Santi, Phys. Re\63 4393(1996.

Phys. Rev. B61, 6471(2000. 21G. Cao, S. McCall, M. Shepard, J. E. Crow, and R. P. Guertin,
0w, E. Picket, R. Weht, and A. B. Shick, Phys. Rev. L88, 3713 Phys. Rev. B56, 321 (1997.

(1999. 23, Cao, S. McCall, J. E. Crow, and R. P. Guertin, Phys. Rev. Lett.
0. Chmaissem, J. D. Jorgensen, H. Shaked, P. Dollar, and J. L. 78, 1751(1997.

Tallon, Phys. Rev. B51, 6401 (2000. 293, D. Obertelli, J. R. Cooper, and J. L. Tallon, Phys. Rev&
123 E. McCrone, J. R. Cooper, and J. L. Tallon, J. Low Temp. Phys. 14 928(1992.

117, 1199(1999. 30M. V. Elizarova and V. E. Gasumyants, Phys. Rev68 5989
13, Fainstein, E. Winkler, A. Butera, and J. L. Tallon, Phys. Rev. B (2000.

60, 12 597(1999. 31G. V. M. Williams, M. Staines, and R. H. Meinhold, Physica C
A, Fainstein, P. Etchegoin, H. J. Trodahl, and J. L. Tallon, Phys. 258 273(1996.

Rev. B61, 15 468(2000. 32C. Bernhard and J. L. Tallon, Phys. Rev58, 10 201(1996.
153, W. Lynn, B. Keimer, C. Ulrich, C. Bernhard, and J. L. Tallon, **K. Yoshimura, T. Imai, T. Kiyama, K. R. Thurber, A. W. Hunt,

Phys. Rev. B51, 14 964(2000. and K. Kosuge, Phys. Rev. Le&3, 4397(1999.

186G, V. M. Williams and S. Kraner, Phys. Rev. B2, 4132(2000. 343, B. Goodenough, Phys. Red0, 564 (1955.
A, C. McLaughlin and J. P. Attfield, Phys. Rev. &), 14605 °°H. Asano, J. Hayakawa, and M. Matsui, Phys. Re\5@ 5395
(1999. (1997.

094515-8



