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The macroscopic magnetizations of RyCu,SrL,EuCuy,Og ., s with X between 0 and 0.15 were investigated.
A ferromagnetlike transition as well as an antiferromagnetlike transition appear afqud the low-field
magnetization and arourith, in the high-field differential susceptibility, respectively. The separation between
them, which is accompanied by a flat plateau in the magi@ficincreases withx. Superparamagnethd (H)
and slow spin dynamics, i.e., characteristics of nanomagnetic clusters, were observed far,abdveom-
parison with RUSX(Ey, -, Cg)) Cl, 04, s and some manganites further suggests that a phase separation occurs,
which can describe well the conflicting magnetic-superconductivity data previously reported.
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The puzzling bulk, yet granular, superconductivi8C) in ZFNMR data, in addition, demonstrate that the Ru spins
ruthenocuprates RugRCu,Og 5 (RU121R) and  should be aligned perpendicular to thexis with a majoror
RuSkK(R,Ce),Cw040, s (RU122R) with R=Gd, Eu, or dominani FM component® This unusual magnetic struc-
Y,2=* which coexists with weak ferromagnetism, is closelyture, which appears &-type antiferromagnetism along the
related to their magnetic structure. While a homogeneous axis in NPD but ordered alona,b with a large FM com-
canted antiferromagneti@CAFM) spin order may coexist ponent in both magnetization and NMR, suggested that the
with more or less ordinary superconductivity, such as theanagnetic structure of Rul2R2warranted a reexamination.
proposed Meissner state or thephase SG;° magnetic in- It should be pointed out that both the extremely brézg
homogeneity at length scalesé will unavoidably lead to a peak and the super-paramagnet-lik6H) up to ZT,, in
Josephson-junction-array-like superconductifityhere¢ is ~ Rul1212Gd already suggest that its magnetic transition is far
the coherence length. In the case of RulR2the reported from simple3® the spin correlations may exist up toTg,
data seem to indicate a rather complicated magnetic struevith a significant entropy and a correlation size as large as
ture. Both the antiferromagnetitAFM) like differential-  10Pug—10ug,° both characteristic of phase separation. It is
susceptibility maximum of the Rux{zy oniy) @nd the hyper- interesting to note that bothy andT,y of Ru121R can be
fine splitting of the M@sbauer spectra, for example, occur attuned by Cu doping® The evolutions ofM, xry only, and
temperatures almost two times higher thigp, where a fer-  C, of Ru,_,Cu,SKLEUCYOg, s With 0<x=<0.15, therefore,
romagnetiodFM) like transition occurs in the low-field field- were measured. ThE,, drops more than 25 K witlx while
cooled magnetizationM ¢).>® Either a phase separation or the variation inT,y, is negligibly small. A separation be-

a multistage transition, therefore, should octtOn the tweenT, and T,y is developed withx. This separation is
other hand, the situation of RulR%as been suggested to further accompanied by a magne@s /T with a flat plateau

be different. The inflection poinT Ay at 9*(T xry On,y)/r?T2 betweenT,, and T5y . Hence, a mesoscopic phase separa-
=0, which should be the N# temperature in simple tion is suggested.

antiferromagnet$, and T, are in rough agreement for a  Ceramic Ry_,Cu,SLEUCWOg, s samples withx be-
Ru1212Eu sampl® Mean-field-like scaling has also been tween 0 and 0.15 were synthesized following a standard
observed belowT,, by both neutron powder diffraction solid-state-reaction procedure. Precursors were first prepared
(NPD) and =zero-field nuclear magnetic resonanceby calcinating commercial oxides at 600—900 °C under flow-
(ZFNMR).>%1t is therefore natural that simple canted ferro-ing O, at 1 atm. Mixed powder with a proper cation ratio
magnetism was assumed in many previous investigationsvas then pressed into pellets and sintered at 960°C. The
This model, however, faces a dilemma in accommodating thénal heat treatment was done at 1065—-1070°€7al in
magnetizations and the ZFNMR and NPD data. NPD, foroxygen after repeatedly sintering and regrindiriche struc-
example, indicated that the Ru spins are antiferromagnetiure of the samples was determined by powder x-ray diffrac-
cally aligned G type) along thec axis with a very tight tion using a Rigaku DMAX-IIIB diffractometer. The de-
upper limit of the FM components, i.e.<0.1 and pendence of the lattice parameters, i.e.,¢hel1.553(2) to
~0.2ug/Ru at H=0 and 0.4 EH<7 T, respectively. 11.55@2) A for x=0 and 0.15, respectively, is slightly
The spontaneous magnetization of the sample, howeveweaker than that reported for RuCu,Sr,GdCwOg, 5.1
reachesM,~800 emu/mole, i.e., an FM component of Minor impurity phases, likely SrRufQor oxides of(Sr,Cu,
0.28wg/Ru atH=0. The extrapolated zero-field magnetiza- are below 5% ax<0.15(Fig. 1). The composition was mea-
tion of 0.6ug/Ru at 50 K& which may serve as a lower limit sured by a JEOL JXA 8600 electron microprobe with at-
for the FM component at 5 T, is again three times larger. Theached wavelength-dispersive spectrometers. The local inho-
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FIG. 1. The XRD of a (RggCly 1) SLEUCYOq, 5 Sample.+: = el
data; solid line: the Rietveld fit; *: the impurity line. §, e
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mogeneity of }x is within experimental resolution of &)
+0.051? The magnetizations were measured using a Quan- o
tum Design superconducting quantum interference device ol ' ' ' '
(SQUID) magnetometer with an ac attachment and the spe- _ =
cific heat was measured in a Quantum Design physical prop- 8 30} A
erty measurement system with a specific-heat attachment. & o aa
Superconductivity appears in all the samples below a '5 20 C) [ 1 ’.
critical temperatureT.~20-30 K. A single-step jump of B ol
Mec also appears with cooling at a higher temperattig. Ty (K)
2(a)]. According to the scaling correlatiorHM o/MH)*” 0 ' ' ' n
=t+(M/My)Y#, the dIM/JT of an ideal ferromagnet should 60 8o 100 120 140
e (T +1 o
decrease with=(T—Ty,)/Ty as 1f*"~ aboveTy, but in FIG. 2. (a) Magnetizations. For the=0 sample,O: Mgc (5

crease as{t)l_ _'8 below, where 68<1, 7f_>0' Ho, "?md 0e); +: H/Mgc (1 T); @: Lixgry oniy: Solid line: C-W fit. For the
M, are two critical exponents and two critical amplitudes,y—0.1 sampleV: Mec (5 O8; ¥: 1/xg, only- (b) Spin entropy.
respectively. The situation for a CAFM magnet should beo: the magneticC, /T of the x=0 sample;V: that of thex=0.1
similar. Therefore, the inflection point dlc(T) at 5 Oe,  sample; solid lined(Tx)/JT of thex=0 sample; dashed line: that
I.e., the temperature at whietM g /JT peaks, is used @B,  of thex=0.1 sample(c) The evolution ofT sy — Ty With Ty . @:
[Fig. 2@)]. The well definedT,, and the large FM compo- Cu-doped Rul212EUll: Rul212Eu of Buterat al. (Ref. §; A:
nent belowT), are in rough agreement with those reportedannealed Ru1222Gd: as-synthesized Rul222Eu.
for Rul212EX but rather different from those of
Ry, _,Cu,SL,GdCWwOg., 5, where no clear FM transition lation with the nearest neighbor, and a slowly varying func-
can be identified wit,x=0.1. Differences in both the rare- tion of T, respectively. This leads to an approximation of
earth elements and the synthesis procedures may contribu@g,d(Ty)/4T if the short-range correlatiohi; is dominant.
to the variation. It should be pointed out that the well definedT,,,, therefore, can be defined as the temperature of the
Tum and the largeM ¢ of our samples make the analysis of 9(Ty)/dT peak! which is observed close to themaximum
Mec andC,, easier and without significant interference from temperature in three dimensiort8D) but much lower in
the minor impurities. A systematic decreaseTgf with xis  2D.'® For CAFM magnets, an FM-lik® - step may coexist
observed, e.g.Ty~134 K and 117 K ak=0 and 0.1, re- with ad(Ty)/dT peak. HoweverT oy~ Ty is expected, ex-
spectively[Fig. 2@)]. It is also interesting to note that the cept for the possibléi-induced transition shifts?
reported bifurcation point betweeWl ;- and Mgc, which To analyze the magnetization of
should be very close td, if the domain pinning is strong, Ru;_,Cu,SLEUCWOg, 5, the Eu/Cu@ contributions were
in Ry, _,Cu SLGACWOg, 5 shows almost the samxedepen-  first eliminated using the procedure previously propdsed,
dence, i.e., down te=115 K and 100 K witbx=0.1 and 0.2, i.e., with a Van Vleck susceptibility of free Bli and aT
respectively! independenty, of 8.7 10 * emu/mole for Cu@. For the
The y=M/H of a simple AFM magnet, which will bél undoped sample wittk=0, the Ru contribution i$1 inde-
independent far above its AFM transition, should have gendent and follows a Curie-Wei§S-W) fit only above 250
maximum slightly above the ¢ temperatureT,y . It has K with a C-W constant=2.6ug/Ru and a Curie temperature
been suggested, in fact, that the magnetic en&gy,andy of 127 K. Deviation from the C-W fit and large superpara-
should both depend on the pair-correlation functidi(s) magneticM (H), however, develop at lower temperatures
=3[S(0)SX(r)]/S(S+1) as EpxI'y and xx[1 [Fig. 2a)]. The Ru contribution tgy at 1 T, for example, is
+2, () |/ T~[1+f(T)I"1]/T, whereI'(r), Iy, and f(T) more than 10% higher than that expected between 180 K and
are the pair correlation with the pair distaree, the corre- Ty [Fig. 2@)], indicating a dominant FM interaction. The
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5-T differential Ru susceptibility after subtracting the 800
Eu/CuQ contributions g, oniy), however, shows an oppo-
site downturn, suggesting significant AFM interacti¢Rgy. .
2(@)]. In particular, a minimum of ¥ry oniyand ad(Tx)/dT 600 %
peak appear around 157[Kig. 2(@)] and Ty~ 138 K[Fig.
2(b)], respectively, for the x=0 sample. Undoped
Rul1212Eu, therefore, might be interpreted as a simple canted
antiferromagnetic by either ignoring the 4-K difference be-
tweenT,, andT .y ,8 or by regarding it as a smat-induced 200 + * = _
transition shift. a) * s o o
To further confirm the presumeth,,, the magnetic spe- T/T,, "
cific heat was measured at zero field using a nonsupercon- 0
ducting YBa(Cu, 742N, »,7) O; (YBCO) ceramic as the refer-
ence[Fig. 2(b)]. The raw specific heat of Ru1212 is well
above that of YBCO between 80 and 180 K, but the two
merge outside this region, a situation similar to the data of
Ru1212Gd The magneticC, /T, i.e., the difference be-
tween Rul21R and YBCO, shows a well-defined peak at
133 K, which is only slightly lower than the 138-K
d(Tx)/dT peak observed. This agreement betweerQhEr
peak at zero field and th&{Tx)/JT peak at 5 T again dem-
onstrates that the procedure of Fisheorks reasonably well
and that theH-induced transition shift is small in our case. It
is also interesting to note the high4ail of C,/T and the
non-C-W magnetization up to 180 K or highfFfigs. 2a) 0.6
and 2b)]. Significant short-range spin orders, therefore,
should occur far abov&y andTay - FIG. 3. (a) Cluster sizes for samples wit®: x=0; V¥: x
With the Cu doping, however, thig, and theT,y evolve  =0.05; B: x=0.10; and ¢ : x=0.15 and forO: as-synthesized
in different ways and the separation between them broadenRu1222Eu & 4). Inset: The isotherma¥(H) of thex=0 sample.
At x=0.1, for example, thd@), is quickly suppressed to 117 (b) Relaxation of the remnant magnetizations at 160, 150, 140, and
K but the d(Tx)/dT peak remains at 138 KFigs. 4a) and 130 K (from top to bottom after field cooling at 50 Oe.
2(b)]. The accompanyin@,/T appears to broaden withas
well [Fig. 2(b)]. In particular, the well-defined peak evolves scenarios: some parts of Rul® 2hould be in superpara-
into a flat plateau betwe€eh,, andT 4y [Fig. 2(b)]. It should  magnetic states during phase separation, but should stay in a
also be pointed out that the separatiomat0.1 is larger than long-range spin-order state during a multistage transition.
the transition width inM . Neither the sample inhomoge- Evidence for the possible phase separation in RuR22@r
neity nor the experimental resolution, therefore, can accourgxample, is found in both the superparamagnigt{éd) with
for the separationFigs. 2a) and 2b)]. The AFM-like  a magnetic cluster size of 10z and the slow spin dynamics
d(Tx)/dT peak and the FM-likeM ¢ jump seem to carry far aboveTgy, .® Similar properties were therefore tested in
distinct spin entropies of comparable strength. Cu-doped Rul212Eu.
It is therefore interesting to compare the data with that The Langevin function with an additional linear term,
of Rul22R, where two separate transitions have-H+m-[ctanhH/kgT)—kgT/uH], was used to fit the aver-
been observed in both magnetizations andsdbmuer age magnetization insl-H loop[inset, Fig. 3a)].° The fitis
spectra:® The Ty, and Tpy of Ru,_,CuSKLEUCYKOg, s  reasonably good with the deduced between 100y and
samples  with  6&x=<0.15, the Q/Ar-annealed 700ug/cluster{closed symbols in Fig.(3)], which is four to
RuSKL(Gd; .,Ce ¢ C0g, 5, and two as-synthesized five times smaller than those deduced in RulR2But still
Ru1222Eu samples are shown in Figc)® The separation far larger than that expected based on the spin fluctuations. A
Tam— Ty increases systematically with decreasifigin the  cluster of 40@.z~200 Ru ions, for example, would be 4-5
Cu-doped Rul212Eu: from an extrapolated zero separationm or larger in an RuO layer. It should be further noted that
at Ty=140K to 25 K atTy,~110 K, where the data u so deduced may be only a lower limit of the actual cluster/
smoothly evolve into that of Rul2®2[Fig. 2(c)]. The ob-  spin-correlation lengtf® The existence of such large clusters
servation ofT,y=Ty in the Ru1212Eu sampfetherefore, at T/T,,>1.1 will be difficult to be interpreted as a simple
may be only a coincidence. Distinct AFM and FM transitionsfluctuation. This deduced size, on the other hand, appears to
may coexist in both Rul2Rand Rul22R. be too small for a crystalline magnet, as is suggested in the
These two transitions, as has been argued in the case ofultistage transition model.
Ru122R,*® may be due to either a mesoscopic phase sepa- The dynamic spin response was also studied. The loga-
ration or a multistage transition. The magnetic properties berithmic increase oM ;¢ at 5 Oe with time is almost unob-
tweenT,, and T,y , however, will be different in these two servable, with the deduced rate @fn M/dInt<10 3 well
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within our experimental resolution, where 6&8<3600 sis  Similarly, the spatial separation between AFM and FM spe-
the time after the field switch. This is rather different from cies offers a natural mechanism for the unusual superconduc-
that of Ru1222EG,but in agreement with the unobservable tivity observed® Superconductivity can coexist with the
relaxation of Ru121R ac susceptibility reported between 1 s AFM matrix. The finely dispersed FM clusters, on the other
and 100 g° The lack of relaxations under the above condi-hand, depress the local SC order parameter and serve as tun-
tions is apparently related to the cluster size in RuR12 nel barriers for the Cooper pairs. The superconductivity,
[Fig. 3@], which is four to five times smaller and leads to therefore, may retain a significant part of the condensation
quicker equilibrium. The slow spin dynamics, therefore,energy, but appears only as a Josephson-junction array. Simi-
should either be explored in a shorter time window or aftenarly, the critical temperature observed in the transport will
an enhancement of the energy barriers. Several different exmaturally be much lower than that associated with the corre-
perimenta}l conditiqns were then tested,_ and significant ”O”Spondingcp anomaly?® and can be easily suppressed by
logarithmic relaxations were observed in the remnant magayternal fields? The intragrain penetration depth will also be
netization after a 50-Oe field coolinfFig. 3b)]. It is  mych larger than those expected based on the proposed uni-
interesting to note that the energy barriers ar€V .— uH versal 1h,(T,).*
andKV., respectively, for thevl ;.- and the remnant mag- In summary, a systematic separation betwegrandT sy,
netization, wher&k andV, are the magnetic anisotropy and is gpserved in Ru1212Eu with Cu doping, suggesting the
the coherent volume, respectively. This may make the remeqexistence of FM and AFM orders and the occurrence of a
nant magnetization a more favorable candidate for Investimesoscopic phase separation in the compound. The super-
gating the slow dynamics. The stroigdependence of the paramagneti (H) as well as the slow spin dynamics fur-
relaxation observefFig. 3(b)] suggests, in our opinion, that ey support the interpretation.
the relaxation observed is unlikely an artifact of the SQUID
magnetometer, but supports the existence of superparamag- The work in Houston was supported in part by NSF Grant
netic clusters. No. DMR-9804325, the T.L.L. Temple Foundation, the John
As pointed out earlier, the phase-separation model may. and Rebecca Moores Endowment, and the State of Texas
also offer a consistent interpretation for the conflicting NPD/through the Texas Center for Superconductivity at the Uni-
NMR and superconductivity data reported previolskhe  versity of Houston. At Lawrence Berkeley Laboratory sup-
conflict between the NPD and NMR data for the magneticport is acknowledged from the Director, Office of Science,
structure, for example, may be attributed to the fact that th®ffice of Basic Energy Sciences, Division of Materials Sci-
two probes have different sensitivities to various magnetieences and Engineering of the U.S. Department of Energy
species, such as those well documented in mangaritesunder Contract No. DE-AC03-76SF00098.
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