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We performed measurements of magnetic susceptibility, electrical resistivity, and magnetoresistance in mag-
netic fields of up to 18 T in the magnetic superconductor RuGd, ¢Sr,Cu,0,4_ s Synthesized in oxygen
pressures up to 95 atm. The magnetic-susceptibility data show the occurrence of an antiferromagnetic state
below Ty~ 175 K, followed by the development of a weak ferromagnetic stateTigar100 K, and followed
further by the onset of superconductiviyC) at T.~42 K. The electrical resistivity as a function of tempera-
ture shows an evolution from nonmetal-to-SC behavior in samples prepared in a flyxtofaQvell defined
metal-like behavior in samples prepared under 95 atm pressure. dff@ electron-phonon coupling constant
was calculated from transport data to g~0.17, a value comparable with other cuprates, indicating weak
electron-phonon coupling in these ruthenates. The values of the upper criticaHfigltbr the O, high-
pressure treated samples were obtained from the magnetoresistivity data yid@ml)~39 T, and the
out-of-plane superconducting coherence lengi{®)~28 A. Based on the similarities between these ruthen-
ates and the superconductor ¥,BasO,_ 5, we estimatedHS,(0)~8 T andé&,,(0)~140 A. We used these
parameters to discuss the coexistence of long-range magnetic order and superconductivity on a microscopic
scale on these materials.
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I. INTRODUCTION by the Ru-NMR and Cu-NMRnuclear-magnetic-resonarjce
data on the related compound RyBCuU,05_ 5, Which has a

In light of the recent observation of superconductivity atT,~45 K and Ty~ 150 K. ®> When investigating the coex-
moderately high temperatures, much attention has been distence of magnetism and superconductivity in these Ru-
voted to the superconducting properties of thebased materials, a few points must be taken into consider-
M(R;-xCg),SnLCWL0,0 5 (M—1222M=Ru, Nb, and Ta; ation. The first point concerns the homogeneity of these solid
R=Gd, EY phas€-? The Ru-1222 phase crystallizes in a solutions. Although a number of studies addressing the phase
tetragonal structure, space grolymmm and it evolves composition of these Ru-based materials is limited, a discus-
from the Y-123R Ba,CusO;_ 5 structure by substitution of a sion of whether both the SC and the wFM arise from the
fluorite-type layer R;_,Cg,),0, for the R layer in the 123- same crystallographic phase, and that they coexist on a mi-
type compound. The hole doping of the Cu@lanes results croscopic scale is in order. One of the first systematic studies
in metallic behavior and superconductivif$C) at low tem-  on these materials have showed that both phases, the Ru-
peratures when properly oxidizéd It is remarkable that SC 1222 and the Ru-1212, RuRCWOg_ 5 (R=Sm, Eu, and
occurs in spite of the onset of weak ferromagnetisvirM) Gd), were stable and resulted in nearly single-phase materi-
of the Ru sublattice, at a temperature much higher than thals after being properly synthesizé®ore recently, neutron
superconducting transition temperatufg. More recently, powder-diffraction analysis of RugedCuy,05_ 5 suggested
Felner and co-authots have suggested that these that these materials are comprised of two different domains
two phenomena coexist over a wide range of temperaef orientation of the Ru@octahedra, and that the degree of
tures in compounds with stoichiometry close to ordering depends on the annealing conditions of the safnple.
Ru(R;-4Cg),SLCw0;o- s (R=Gd and Eux~0.25). They  Results of high-resolution transmission electron microscopy
found that weak ferromagnetism wFM develops beldyy  (HRTEM) suggest that the typical extent of the domains is in
~180 K and 120 K for Gd and Eu compounds, and that thehe 50—200 A rangé.The second point concerns the bulk
values of T, were 42 K and 32 K, respectively. This kind of properties of both the superconducting and the weak-
coexistence is a fundamental problem that has been studiddrromagnetic phases. It is important that to characterize
both experimentally and theoretically since the early 1960s.these two phenomena as coexisting, not only superconduc-
Further evidence that the magnetic ordering is associateiivity but also magnetism should develop over a large scale.
with the Ru sublattice and not with the rare earth is providedAlthough not distinguishing between the two-types of RuO
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orientation domains, results of scanning tunneling spectros- 6.0 T T T
copy in RUEY «Ce,y sSr,Cw,045_ 5, combined with macro- 50 Bnosooe 200 000
scopic measurements of magnetization and electrical resis- : o ASP "
tivity, suggest that the SC and wFM are both bulk effects 40 % Famx o ™
intrinsic to the phas@A similar conclusion was also found OFre o T oy,
for the Ru-1212 compounds from specific-feamtd magne- - skt o e
tization dat& However, the magnetization data of the Ru-
1222 phase reveal that the Ru sublattice generates an internal
field of a few hundreds oersteds in the material below the
magnetic ordering temperatufig, .> Such an internal field, N I T I T
higher than the lower thermodynamic critical figf;, was 0 50 100 150 200 250 300
suggested to be responsible for the appearance of a sponta- TEMPERATURE (K)
neous vortex phase in the compoufidndeed, it has also
been observed that such vortex configuration is preserved FIG. 1. Curves of magnetic susceptibilify as a function of
even under an external field as high as 50 Oe. This observéemperature taken atH=50 Oe in three specimens of
tion suggests that full Meissner response is difficult to beRUGA.LC& SLCL,O10-5: ASP, annealed at 95 atm og,@or 24 h
observed in these materials and that granularity effects, reé2ce (95 atm at 800°C, and twice (95-atmx). Both ZFC and
sulting from a mixture of SC and wFM phases, should beFC data were taken. The inset shows the anomalies Bt5 K,
absent which can be associated with the onset of antiferromagnetic order-
In this work we describe our investigation of the super-"9 Within the RuQ planes.
conducting RuGd,Ce, sSrLCu,04p-s compound synthe-
sized through a sol-gel route and annealed in oxygen pre@s an internal standard. The XRD spectra for all samples
sures as high as 95 atm. Our measurements of magnetizatidipuld be indexed according to a tetragonal structure with
electrical resistance, and magnetoresistance in applied magPace groupl4/mmm and lattice parameters=3.835
netic fields of 18 T enabled us to determine several param= 0.005 A andc=28.56+0.04 A, in agreement with previ-
eters of this compound including the temperature depenous daté:* Magnetic-susceptibility measurements were
dence ofH.,, H.(0), and estimates of the anisotropic made utilizing a quantum design squid magnetometer. Zero-

superconducting coherence lengths of these ruthenates. field-cooled (ZFC) and field-cooled(FC) curves were ob-
tained from 5 to 300 K in applied magnetic fields of 7 T.

Four-wire electrical resistance measurements, in the tem-
Il. EXPERIMENTAL PROCEDURE perature range T<300 K, at 18 T, were performed at the
Polycrystalline samples with nominal composition National High Magnetic Field Laboratory—Los Alamos Fa-
RUGd, ,Cé ¢SLCW040 5 (RU-1223 were prepared by the cility utlllzm_g a comr_nerC|aI Llne_ar ResearaiModel LR-
sol-gel method! The stoichiometric cationic nitrates and in 700 ac resistance bridge operating at a frequency of 16 Hz.
the case of ruthenium, the chloride, were dissolved in disfor these measurements, copper electrical leads were at-
tilled water using a magnetic stirrer. Upon complete dissolufached to Ag film contact pads on parallelepiped-shaped
tion, citric acid in twice the number of total cation moles wasS&mMPples using Ag epoxy.
added to the solution followed by the same number of moles
of ethylene glycol. _The ;qlution was then carefully concen- IIl. RESULTS AND DISCUSSION
trated to~30% of its original volume, transferred to a ce-
ramic crucible, and evaporated to dryness near 80 °C, after The ZFC and FC magnetic-susceptibility)( data atH
which the crucible was heated stepwise to 800 °C. The solid=50 Oe as a function of temperature, for the as-prepared
black powder residue was then ground, transferred to a ceend high Q pressure treated samples are shown in Fig. 1.
ramic boat, and subjected to two heat treatments.iril@v: These specimens were all derived from the same original
(1) at 1000°C for 12 h, followed by pelletizing; ar@) at  batch of the material. Thg vs T data show both the onset of
1050 °C for 20 h. Samples subjected to these heat treatmentd=M nearT,~ 100 K and the onset of SC &t~ 30 K. The
are termed the as-prepared ASP samples. A few pieces of thvalue of Ty, is ~7 K higher for the ASP specimen, whije
ASP sample were subjected to an additional heat treatment & T curves for the 95-atm and 95-atmxZamples are simi-
800 °C under @ pressure of 95 atm for 24 h. These sampledar down to about 70 K. Below this temperature, the ZFC and
are referred to as 95-atm samples. Finally, some parallelepC branches for the three samples split. The 4R T data
ped bars of the 95-atm samples were subjected to the sanbelow 30 K show a diamagnetic contribution due to SC,
heat treatment performed at 800 °C and undgpf@ssure of which is absent in the FC data. It is worth mentioning that
95 atm for an additional 24 h. These samples are referred tihe diamagnetic signal in the ZFC data is offset by the posi-
as 95-atm-X. Further details of the apparatus used for pre-tive contribution of the wFM tgy. The ZFC and the FC data
paring samples under high ,Opressure can be found betweenT. andT,, are quite different, and a detailed study
elsewheré? The phases were identified by means of powdeof this region is in progress. The shape of the curves below
x-ray diffractometry (XRD) using CuKea radiation on a T is similar for the three samples. The valuesyofor the
Bruker D8 advanced diffractometer. The lattice parameter&SP sample are slightly higher than the values for the high
were obtained from the corrected peak positions, using Mg@, pressure treated samples by about 70 emu/g Oe, which is

0.005

X, (102emu/gOe)

150 165 180 195
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15 ¢ T . . T . 725 samples are treated in highes @ressure for a longer time is
: accompanied by{l) a progressive increase of the slope
_ L 120 dp(T)/dT; and 2 a sharper transitions to the SC state, both
g I (PP of which can be associated with a reduction of the cation
a ] o) disorder upon oxygenation. The oxygenation process ulti-
'?2 110 § mately produces a metal-like material in whigliT)=pq
Z ] = +AT, as for example in the sample 95-atr-2boveT,,
105 wherepy=2.2 m() cm andA=1.72<x10"°Q cmK 1. As-
] suming that the linear dependence dnis caused by
0(; '50‘ — 100 — 150 — 200 — 250 — '3;)00 electron-phonond-p) scattering, thee-p coupling constant
Nir can be estimated from the slop® by utilizing the
TEMPERATURE (K) expressiol
FIG. 2. Temperature dependence of the electrical resistivity for
three RuGd ,Ce, sSLCWL0;0- s Samples. The righy axis exhibits hwg p(T)—po ﬁw,zj
the p(T) data of the ASP. The lefy axis stands for the ones an- tr— 82k T _8772k A, @
nealed at 95 atm of Qat 800 °C for 24 h oncé95 atm) and twice B B

(95-atm-). whereks is the Boltzmann constankw,, is the plasma en-
. . . _l
essentially the value of the difference ynof the FC values. ergy expressed in eV, anliis expressed ip(l cmK -

- . Assuming that the London penetration depth of our
The wFM phase originates from an ordered antlferromag-Sam les is ca. Jum, 5 similar to that obtained for Ru-1212
netic state, which develops beldliy~ 175 K2 The onset of b : f

the AF order is accompanied by subtle changeg irs T, as fcrzmpourfs/,)\the Vs:]aeigli ifsre?hu:nscyegc?no;hl(ianhtbe icé?cliciz:lated
indicated in the inset of Fig. 1. Wp Ls p gntg, 'y g

In order to explore further the features observed in thgf\iprO-Z eV, in excellent agreement with values foé,

magnetic-susceptibility data, we performed measurements ?ur;gom fﬁgﬁ{:é;ﬁf raotfiwe(%e dr:;t);v fr(;era?get%gz?rr&me
electrical resistivity as a function of temperature in the sam gm le by usin qul) The [r)esult i\, ~0.17. This value
samples of Fig. 1. The temperature dependence of the elegdMmPie by 9 Eq.L). tr e

trical resistivityp(T) for the specimens with the three differ- Ef )‘“S 'S cloge o theL;zélges 0.1 c?nd (\)(g (éalcglated for
ent treatments is shown in Fig. 2. ThET) data indicate two a1.85 r9-15Cl;'1 4-d ( ) an 3LUsLy— 5,
spectively* and it suggests that the electron-phonon cou-

important features as the sample is heat treated under hig{) ing in the Ru-based compounds is weak. The valug.of
pressure of @ (1) an evolution from nonmetallic to metallic 9 S P ) : P
behavior: and2) an appreciable decrease in the magnitud should be similar for the samples with the other two heat

of p(T). The changes driven by oxygen treatment are mlftreatments as well. However, our analysis cannot be ex-

rored in the magnitude of(T=300 K), which decreases tended to the samples that do not show a linear behavipr of
' vsT.

from ~600 m( cm for the ASP sample te-130 m(2 cm

for the 95-atm specimen. Ultimately(T=300 K) reaches a h_bBack to_the ?S-atm-X_ sample, thep(T) datﬁ do not ex-

value as low as-7 m() cm for the 95-atm-X sample. The Ibit any sign of saturation up to 3.00 K, as shown in Fig. 2,

value of p(T) at 80 K of ca. 3.5 rf cm for the latter is suggesting that the mean free pétls much longer than the

. interatomic spacing within the unit cell below this tempera-
nearly twice as small as that by Chen anc_i co-authibrs, ture. An estimate of the lower limit of the mean free phtt
namely, ca. 6 2 cm found in compounds with the same

L . temperatures in whiclp(T) is linear in temperature can be
zfcogzzhlometry but subjected to heat treatments under 50 at'@btained from the expressigRef. 14

Changes in the onset of superconductivity are also ob- 4
served in our samples wifh, assuming values near 18 K, 42 :4'95X 10 "vr
K, and 42 K for ASP, 95 atm, and 95-atnx2respectively. It (fiwp)?p
is clearly seen that the transitions take place over a wide
temperature range. Such a broad superconducting transitiohere ve is the Fermi velocity, assumed here to be 2.5
width, as large as 15 K, is frequently observed not only inx 10 cm/s®*"andp is given inuQ cm. The value of at
these Ru-based compounds but also in both Nb and Ta is®00 K from Eq.(2) was found to be~58 A, which is over
morphic materiald:? It has been argued that broad transition 30 times larger then the typical Cu-O bond length-cf.9 A
widths would be mainly associated with cation disorter. in these materials. This estimatelof300 K) is also similar
This is an important point because one could speculate th4@ the one of~56 A found in LSCO and comparable to
larger transition widths could be related to the competitionother highT. cuprates? In light of the evolution ofp vs T,
between SC and wFM. However, larger transition widthsfrom being almost temperature independent abydor the
have been also observed in Nb- and Ta-based compoun@$-atm sample, to developing a metal-like slope for the
which are not magnetic, supporting the conjecture that th@®5-atm-2X sample, we have also estimatect 300 K by
broad transitions are intrinsic to compounds with cation dis-using Eq.(2) for the sample at 95 atm. Our estimate |of
order. ~3 A strongly suggests that the mean free path at high tem-

The evolution of nonmetallic to metallic behavior as the peratures is comparable to either the typical Cu-O bond

, 2
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FIG. 3. Temperature dependence of the electrical resistivity un-  FIG. 4. Temperature dependence of the upper critical field of the
der applied magnetic fields up to 18 T for the magnetic superconductor RuGfe, SLCWw,00_ 5. The com-
RuGd ,Ce ¢Sr,C, 0,9 s compound heat treated in 95 atm 0f O pound was heat treated in 95 atm of for 48 h (95-atm-X). The
for 48 h (95-atm-X). dashed line corrresponds to a fit to the phenomenological relation

. ) Heao(T)=H(0)[1—(T/T)?]%. The high- and low-field slopes
length (~1.9 A) or the in-plane lattice parametea dH,,/dT are also shown in solid lines.

~3.8 A. This result has indicated that the saturatiop afs

T occurs whenl=a, a feature observed in the 95-atm ) L )
sample, as shown in Fig. 2. Thus, combining the resultingf"eCtr'Cal resistivity measurements at constant applied mag-

estimates of from the linearity ofp vs T curves, we infer netic .fields were performed. In Fig. 3, a collection of suc_h
that increasing @pressure results in a significant increase ofdat@ is presented. We fully understand that due to the wide

| in this series. This is consistent with a systematic decreasactuation regime belowl’;, this approach only represents

of the cation disorder upon oxygenation, but also with ariN® UPPer limit in determining., values. With this in con-

increasing volume fraction of the metallic phase. Finally, gSideration, we assumed the same onset of SC for all fields

careful inspection of the data in Fig. 2 for both high-pressurd ~42 K) and extractedH,, T) pairs from the 50% drops in
annealed samples also indicates a slight drop() just electrical resistance. The results are displayed in Fig. 4 for

below Ty, (~100 K), which is probably due to the suppres- thé 95-atm-X sample. At high magnetic fields, the upper-
sion of the spin-flip scattering below the onset of wFM or- critical-field phase diagram of Fig. 4 shows a linear increase
dering. of Hep. This behavior can be attributed to the progressive

In order to probe the effect of the magnetic field on theN&rowing of the resistive transitiotsee data of Fig. 3
superconducting properties of these Ru compounds, we cafhich tends to increasg,(H). The slope of the upper criti-
ried out magnetoresistivity measurements in fields up to 1§2l field at high fields was found to be1.13 T/K. At lower
T. We shall start this discussion by describing the behavior ofi€lds, the resistive data exhibit an upward curvature devel-
the curves op(T) in magnetic fields taken in the 95-atnx2  ©OPing from a linear slope of 0.38 T/K nearT.~36 K. This
sample, as shown in Fig. 3. It is important to notice that thePOSitive curvature is reminiscent of other cuprat@sf. 20,
foot that develops as approaches zero, whéh=0 T, can albeit |ncoq3|stent with the linear behavior Iﬁ@z expected
be due to the remnant field of the superconducting magnefor Poth Ginzburg-Landau and BCS theories closeTto
which is not homogeneous and of the order of 0.01 T in our e orbital critical field extrapolated =0 K from the
instrumentation. This kind of behavior is frequently observedin€ar slope at high fields can be estimated by using the
in granular superconductors and can account for the broadVerthamer, Helfand, and Hohenb&rg(WHH) formula
ening of the SC transition at lowl and close to the zero- Hc2(0)=—0.7(dHc,/dT) T, with dH,/dT=-1.13 and
resistance stat€. In addition, as shown by Tokunaga and Tc=39 K, yieldingH,(0)~31 T. The same procedure ap-
co-authors, it is possible that the broadening of the SC tran-Plied to the slope at low fields yields #,(0)~9.6 T.
sition could be due to the presence and motion of selfHowever, previous analysis in several cuprates have not
induced vortices. They found that a broad resistive transitiofshown the concave downward behavior that is expected in
in RuSKYCu,0g, a material with no magnetic rare-earth H., on the basis of the WHH formalism. Therefore, an ex-
ions, was correlated with the occurrence of the developmerifapolation from the fitting procedure of ti;, vs T data to
of a spontaneous moment within Ru@lanes. the  phenomenological  relation H¢x(T)=H2(0)[1

Increasing field results in appreciable changes in the (T/Tc)?]* is more appropriate and consistent with the
shape of the(T) curves in the superconducting state. As theGinzburg-Landau theoryf. By doing this, we have obtained
magnetic field increases, the superconducting transition belc~39 K, @=1.8+0.2, andH,(0)~39 T. Values ofa, in
comes broader near the onset of SC, and sharper near tHte 1.5-2.0 range, are frequently observed in other fiigh-
zero resistance state, as observed in other granuldpaterials’®Also, this magnitude of,(0)~39 T is slightly
cuprates? It is important to notice that the zero-resistancehigher than that obtained via the WHH formalism but in line
state is preserved belo6 K even for the highest magnetic With the values for other higfi; materials with similar
field of 18 T used in this experiment, which attests for theT.'s.?* According to the relatiorH .,(0)=® /27 &5, where
high quality of the high @ pressure material obtained. d, is the quantum of magnetic flux ar,(0)~39 T, this

As an approach to determine thie, vs T phase diagram, corresponds to a superconducting coherence lerggth
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~28 A, which is one order of magnitude larger than thethe other hand, recent magnetization measurements in Ru-
typical Cu-O bond length and comparable to thaxis lat- 1222 indicated that at least two magnetic phases coexist
tice parameter of these Ru compounds. within grains of polycrystalline samples, suggesting a phase
In light of the anisotropic nature of this magnetic super-separation in these compourfddndeed, it was argued that
conductor and the high-field procedure to estim@jeit is  both phases manifest themselves in a submicron length scale,
reasonable to expect that the valueHy, reflects the upper and would coexist with a superconducting phase. Again, our
critical field parallel to thea-b plane. By assuming the rela- estimate ofé,,(0)~140 A provides a natural length scale
tionship betweerH ., and ¢ for anisotropic superconductors for such a coexistence.
H‘g‘g(T) :(po/zﬂ-gg(T), we find£,(0)~28 A, which reflects Concluding, we have prepared high-quality samples of the
mainly the CuQ out-of-plane superconducting coherencemagnetic superconductor RuGe, ¢SLCl,0;0- 5 through
length. Such a superconducting coherence length along the2 sol-gel precursor route. The samples with best supercon-
direction is found to be four times the value §{0)~7 A ducting and normal-state properties were heat treated under
for Lay gsSty 1:CUO,_ s with a T, of ~38 K (Ref. 22 and Oz pressure of 95 atm. The temperature dependence of the
about eight times larger than that §f(0)~3.4 A for the magnetic susceptibility showed the deve_lopment of an anti-
electron-doped compound NgiCe, «CuQ,_ 5 with T, ferromagnetic ordering of the Ru sublatticeTat ~17_5 K,
~25K.2 Once we have obtained.(0)~28 A for the which is followed by the onset of weak ferromagnetism near
RuGd, ,CeySKLCWO0;0_ s compound, it is tempting to esti- Tm~100 K. Further de_c_rease in temperature revealed the
mate the in-plane coherence lengfh,(0). Let usassume ©Onset of superconductivity af.~42 K. Measurements of
that the anisotropy factoly (=H30/HS,~¢£,,/£,) of Ru- the electrical resistivity as a function of temperature demon-
based compounds has an upper limit given by ca. 5 of th&trate the importance of the heat treatment in high pressure of
YBa,Cu;0,_ 5 compound. In fact, it is expected that the O, upon the macroscopic properties of these compounds.
RuGd, ,Ce, S,CW,O0;0 s compound would have anisotropy From the temperature dependence of magnetoresistivity data,
slightly smaller than 5, as suggested elsewRgérghus, as- We have estimated the upper limit of the upper critical field
suming y=H2/HS,~5, one finds HS,(0)~8 T and along the Cu@ planesH¢,;(0)~39 T and the out-of-plane

£.5(0)~140 A. The estimated value dd,(0) is compa- coherence lengtht,(0)~28 A. Based on the crystallo-
rgble to the ~9.6-T value found from Cthe slope of the graphic similarities between these Ru-based compounds and

(dH,/dT) behavior at lower magnetic fields, thus lending the Superconductor YBELO; 5, we estimatedHc,(0)
credence to the assumptions made in our analysis. The esfi-8 T @ndéap(0)~140 A. From these values we were able
mated in-plane coherence length &f,(0)~140 A corre- to dlscu_ss the length _scz_ile over which superconductivity and
sponds to over 30 times the spacing between adjacent coftagnetism can coexist in these Ru-based compounds.
ducting CuQ planes.

The value ofé,,(0)~140 A is important for the discus-
sion involving the microscopic scale in which the SC and the This work was supported by the Brazilian agency Fun-
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