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Coexistence of magnetism and superconductivity iR, ,Ce, RUSr,Cu,044_ 5 (R=Eu and Gd)

I. Felner, U. Asaf, Y. Levi, and O. Millo
Racah Institute of Physics, The Hebrew University, Jerusalem, 91904, Israel
(Received 16 September 1996

The superconductin®; ,Cey RUSKLCW,0,4_ s Materials are also magnetically orderedTat> T, (T.~42,
32 andTy~180, 122 K forR=Gd and Eu, respectivelyMagnetic susceptibility and Msbauer spectroscopy
show that superconductivity is confined to the Guilanes, whereas magnetism is due to the Ru sublattice.
Scanning-tunneling-spectroscopy measurements reveal a superconducting gap structure for the whole sample,
indicating that the materials are of single phase, which simultaneously manifest both superconductivity and
magnetism|[S0163-18207)50706-3

Superconductivity(SC) and magnetism are two different (RCeRuSCO,R=Eu and G¢g compounds exhibit coexist-
ordered states into which substances can condense at lemnce of bulk SC(T.=32, 42 K in the magnetic state
temperatures and in general these states are inimical to orf@y=122, 180 K for R=Gd and Eu, respectively. In addi-
another. In conventiona-wave superconductors, local mag- tion, our Mssbauer spectroscopy studiédS) on °’Fe-
netic moments break up the spin singlet Cooper pairs andoped samples clearly indicate that the magnetic state is con-
hence strongly suppress SC, an effect known as pair breakined to the Ru site. Scanning tunneling microsc@8yM)
ing. Therefore, a level of magnetic impurity of only 1% can data, in particular spatially resolved tunnelingy character-
result in a complete loss of SC. In a limited class of inter-istics, suggest that the samples are of single phase, and do
metallic systems, SC occurs even though magnetic ions withot consist of mixed normdmagneti¢ and superconducting
a local moment occupy all of one specific crystallographicphases.
site, which is well isolated and decoupled from the conduc- RCeRuSCO(and the 0.5 at. %8’Fe-dopedl ceramic sam-
tion path. The study of this class of magnetic superconductples were prepared by a solid-state reaction and studied by ac
ors was initiated by the discovery &Rh,B, and RM0gS;  and dc magnetic susceptibility and MS techniques, as de-
compounds(R=rare-earth* and has been recently revital- scribed in our previous pap@rX-ray diffraction measure-
ized by the discovery of th&Ni,B,C systent. In all three ments indicate that the materials are nearly single phase
systems, both SC and antiferromagnéfé-M) order states (~98%) and have the tetragonal structufet/mmmn) with
coexist. The onset of SC takes place at relatively high tema=3.8461), 3.8441), and c=28.501), 28.621) A for
peraturegT.~2-15 K), while AFM order appears at lower R=Eu and Gd, respectively. Specimens for STM measure-
temperaturegexcept for DyNj;B,C), and the typical ratio ments were mechanically polished with O.28iamond lap-
Tn/T is about 0.1-0.5. Despite progress in understandinging compound and then reannealed in oxygen for 15 h, just
both states in the intermetallic systems, there has been rimefore mounting onto the cryogenic STM.
evidence to date for a magnetic superconductor in the Cu-O The temperature dependence of the normalized resistivity
based highF. superconducting compound$TSC's). In  for GdCeRuSCO measured ldt=0 T is shown in Fig. {c)
fact, many of the HTSC systems contain magnBiions as  (inse). At high temperatures, a metallic behavior is ob-
structural constituents, which are electronically isolated fronserved, and th&.=42 K obtained is in agreement with Ref.
the Cu-O planes, and have no adverse effect upon the supdd- An applied field 65 T smears the onset of SC and shifts
conducting state. However, tfig(R) values are quite low; it to 39 K. In GdCeRuSCO, SC occurs for Ce contents of
e.g., iNnRBa,Cu;0; (RBCO) with T.~92 K, regardless oR,  0.5-0.7, where the highe$t was obtained for Ce0.6, the
the highestly obtained is 2.2 K, foR=Gd. concentration which has been studied here. Generally speak-

Much attention has been focused on a phase resemblirigg, the magnetization in these samples is composed of three
the RBCO materials, having the composition contributionsi(a) a negative moment beloW, due to the SC
R, C& M SLCW,0,, (M-2122,M=Nb, Ru, or Ta3>The state,(b) a positive moment due to the paramagnetic effec-
tetragonalM-2122 structure evolves from tHRBCO struc-  tive moment ofR (P¢=7.94ug for R=Gd), and(c) a con-
ture by inserting a fluorite typ®, sCe, sO, layer instead of tribution from the ferromagneticlike behavior of the Ru sub-
the R layer in RBCO, thus shifting alternate perovskite lattice. In addition, there may be a positive contribution to
blocks by(a+b)/2. TheM ions reside in the Q) site and  the magnetization, due to the fact that a small remanent field
only one distinct Cu sit¢corresponding to Q@) in RBCO] exists in our superconducting quantum interference device
with fivefold pyramidal coordination exists. The hole doping magnetometer. This artificial contribution will affect mainly
of the Cu-O planes, which results in metallic behavior andthe magnetization measured at low applied fields. Zero-field-
SC, can be optimized with appropriate variation of thecooled(ZFC) and field-cooledFC) magnetic measurements
[R]/[Ce] ratio. Nb-2122 and Ru-2122 systems are SC withwere performed for a broad rangeldfstrengths, and typical
T.~28 and 42 K3 Here we present a study on a new mag-susceptibility x(T)] curves are shown in Fig. 1. M =5 Oe,
netic superconductor in the ceramic HTSC materials, with doth ZFC and FC branches exhibit two magnetic anomalies
magnetic ordering well above the SC stdlig,/T.~4), a at 102 K and afl;,=172 K[Fig. 1(&]. T;, is defined as the
trend which is contrary to that observed in the intermetallicmerging temperature of the ZFC and FC brandmesere the
systems. We demonstrate thd&,; ,Ce RuSLCWO,, s  difference between the branches becomes less than
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Temperature (K) FIG. 2. _(a) The ZFC and I_:C _susceptibility for EuCeRuSC_O at 40 Oe
. N and (b) the isothermal magnetization as a function of the applied field. The
FIG. 1. ZFC and FC susceptibility curves fo.r GdCeRuSCO mgasured 8hsets showa) the magnetic hysteresis loop afin) the negative field de-

5 and 50 Oe and at 2 kOe. Note the negative signbl-ab0 Oe. The insets pendence of the magnetizationK at low applied fields
show the normalized resistivitic) and the ac susceptibilitb). '

AX:1><10‘2 emu/mol O& No other anomalies were ob- the SF.T. can also easily be determined from the deflection
served at higher temperatures. Annealing in high oxygempoint in the ZFC curve. Both the temperatures at which re-
pressurg50 atm did not affect this magnetic behavior. Our orientation occurs and;, are shifted to 80 and 112 K, re-
ac susceptibility measurementsequency 100 Hz aH=1  spectively. This trend is easily understood by recognizing it
Oe) show similar shape and comparable dimensions to th@s a typical characteristic offeakferromagnetic behavior.
ZFC curve[Fig. 1(b) (inseb]. No sign for magnetic ordering Isothermal magnetization measurements at various tempera-
of the Gd sublattice down to 1.5 K is observed, either in adures (not shown indicate that the Ru moment saturates
or in dc measurements. As we shall argue, SC is confined taround 2 kOe; therefore, at this field both the anomalies and
the CuQ planes; therefore, all the magnetic anomalies inthe irreversibility are washed o{iEig. 1(c)]. Similar mag-
Figs. 1 are related to the Ru-O planes. Note fhatRu) is netic behavior was observed in otffFe-doped sample pre-
notat T;,. The x(T) curves in Fig. 1 do not lend themselves pared for a MS study, presented hereafter.
to an easy determination dfy(Ru), because of the high The magnetic behavior for EuCeRuUSCO is shown in Fig.
susceptibility of the G& ions which mask this transition. 2. At 40 Oe[Fig. 2@)], the moment in the ZFC brancbe-
For this purpose we adapted the MS technique, which clearl{pw ~18 K) is negative, andl ;=32 K was deduced from
indicates thafTy(Ru)=1805) K. The irreversibility atT;,  this curve and from resistivity measurements.=92 K, and
arises as a result of an antisymmetric exchange coupling dfo irreversibility phenomena are observed at 2 kig¢H)
the Dzyaloshinsky-MoriydDM) type’ between neighboring measurements at various temperatures have been performed,
Ru moments, induced by a local distortion that breaks th&nd due to the low susceptibility of Eli (J=0), both the
tetragonal symmetry of the Ry®@ctahedra. Due to this DM magnetic and the SC states are clearly observed in the
interaction, the field causes the spins to cant slightly out ofurves. At 5 K, (i) a small hysteresis loop is opened below
their original direction and to align a component of the mo-1.5 kOe[Fig. 2(b) (inse}], and (i) the negative moments
ments with the direction oH. At low temperatures, the increase linearly up to 30 J&ig. 2(@) (inseb], typical for a
Ru-Ru and/or Gd-Ru interactions begin to dominate, leadingC state belowH.;. The estimated SF deducted from this
to reorientation of the Ru moments, and the peak at 102 K isurve (ignoring possible contributions from Ru and/or’Eu
observed. The exact nature of the local structural distortions ~30%, indicating bulk SC. Figure(B) shows that all
causing this reorientation is not presently known. Note thaM(H) curves below 130 K are strongly dependent on the
the ZFC branch is not negative beldW, due to the rema- field, up to about 1-2 kOe, until a common slope is reached.
nent field in our apparatusliscussed aboyewhich induces M(H) can be described a¥l(H)=o.+ xH, whereyH is
a positive moment &f;, during the ZFC process. the linear contribution of Ell to the magnetization, and
At 50 Oe the diamagnetic signal due to the high shieldingo's, which reaches its maximum at about 2 kOe, corresponds
fraction (SP) of the SC state dominates, and the net momento the weakferromagnetic component of the Ru sublattice.
at low T is negative[Fig. 1(b)]. The weak ferromagnetic At 5 K we obtainedoss=0.833)up [defined ass¢(0)], a
component of Ru and the high paramagnetic effective movalue which is much smaller tharu@ obtained for R&" in
ment of Gd* do not permit a quantitative determination of SrRuQ,. o decreases with increasifigand becomes zero at
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FIG. 3. The temperature dependence(iofthe normalized hyperfine
field acting on Fe in the Ru sites f&=Gd (hollow squares, left scaland ' e e o 2 o 2 s s o
(i) the reduced magnetic moment of Ru deduced from magnetic measure- : - CIOCitV ( (S)

ments forR=Eu (right scal¢. The dashed line is the universal theoretical
curve for Fe-Cu exchange strength. Note the deviation of the experimental FIG. 4. Méssbauer spectra of 0.5%Fe doped in GdCeRuSCO below
data from the universal curve. and aboveT (Ru).

Tn(RU=1221) K. The normalizedss(T)/os(0) versus the perfine field orientation©=72°, relative to the tetragonal
reduced temperaturd (Ty) are shown in Fig. 3, and will be symmetryc axis. As the temperature is raisétls decreases
discussed later. FdR=Gd, theM(H) curve @ 5 K is not  and disappears completely B(Ru)=1805) K. Hy¢ values
linear at highH and therefore no easy determination of obtained at 110, 130, 150, and 160 K are 3993585),
o4(0) can be made. Abovéy(Ru), the x(T) at 10 kOe for 3122), and 2795) kOe. The variation of the normalized
both samples adheres closely to the Curie-Weiss law. Notel «(T)/H.(0) values, as a function of the reduced tempera-
that in the RCeRuSCO system botfi, and Ty(Ru) are ture, is exhibited in Fig. 3. Close to 180 K, due to a distri-
higher for R=Gd than forR=Eu. In that respect it differs bution of Ty resulting from inhomogeneity in the local en-
from similarM-2122(M =Nb, Ta systems in whicfT; is the  vironment of Fe throughout the Ru site, a distribution in
same for anyR measured.However, this is of little interest H.¢ is assumed and a paramagnetic doublet in the central
in the present discussion. area of the spectra is observed.

MS has been proved to be a powerful tool in the determi- It was shown theoreticall) for all Fe-doped Y-Ba-Cu-O
nation of the magnetic nature of the Fe site location. Wher{as well adM-2122 materials, thaivhen Fe reflects the mag-
the ions of this site become magnetically ordered, they pronetic behavior of Cu(2) siteshe normalizeH . values fall
duce an exchange field on the Fe ions residing in this siteon one universal curve, regardless of Fe or oxygen concen-
The Fe nuclei experience a magnetic hyperfine field leadingration and whether Y is replaced by Pr. The model assumes
to a sextet in the observed MS spectra. As the temperature {Rat the temperature dependence of magnetization ¢2)Cu
raised, the magnetic splitting decreases and disappears atd Fé" as a probe behaves like spjrand spin3 systems
Ty It is well accepted that in Y-Ba-Cu-O, the Fe atoms areand that the Fe-Cu exchange is only 26% of the Cu-Cu ex-
found to occupy predominantly the Cl site® change strength. The dashed line in Fig. 3 is the universal

The main effect to be seen in Fig. 4 is that the MS spectraheoretical curve calculated in this way. The deviation of the
of GdCeRuSCO consist of one site only, below and abovexperimental data from this universal curve is our supporting
Tn(Ru). A least-square fit to the spectrum at 180 K yields anevidence that the magnetic sextet in Fig. 4 is duBeadn the
isomer shift(I1S) of 0.301) (relative to Fe metalwith a  Ru site.Moreover, the fact that both the reduced magnetic
linewidth of 0.35, and a quadrupole splitting §= 3eqQ of  moment obtained directly from thé (H) curves forR=Eu
1.001) mm/s values. We attribute this doublet to Fe ions in[Fig. 2(b)] and the data obtained from MS f&=Gd lie on
the Ru site. This interpretation is consistent withthe simi-  the same curve indicates clearly that the Ru-Fe and Ru-Ru
larity of the chemical properties of Fe and RRu resides exchange strengths are quite similar.
below Fe in the periodic tableand(ii) and with the fact that We suggest two scenarios that could lead to the observed
in most HTSC materials the Fe atoms are found to occupyphenomena. A central assumption is that RIRiIbeRuSCO
predominantly the G) site, which is equivalent to the Ru orders magnetically at elevated temperatures, and bulk SC is
site in theRCeRuSCO. At low temperatures, all spectra dis-confined to the Cu@planes. Both sublattices are practically
play magnetic hyperfine splitting, which is a clear evidencedecoupled, and thus the present system is the first magnetic-
for long-range magnetic ordering. The fitting parameters okuperconducting system in the HTSC-based materials. Sup-
the single sextet obtained at 4.1 K are=I&401) mm/s, porting evidence for this interpretation {&) the bulk SF
H#(0)=467(3) kOe, and an effective quadrupole splitting obtained forR=Eu in the SC state, an@) the overlapping
value of A .= 36 Q@z=—0.3321) mm/s. Using the relation of the two normalized curves exhibited in Fig. 3. The second
Aei=A0/2(3 cog0 —1), we obtained for the Ru site a hy- interpretation invokes an analogy to inhomogeneous materi-
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als; e.g., the reason for the two physical phenomena are 0.40 . . . . : 0.50
grains with different oxygen concentrations; part of them are Fooe T 20
SC and the rest magnetic. Moreover, one may argue that the 930 & 2 > 1 - 040
magnetic anomalies exhibited in Figs. 1 and 2 are due to an s ol 1.
SrRuQ, impurity phase which is ferromagnetically ordered at 00135 ol 9 ] o4 - 0%
165 K In order to reconcile these arguments we have pre- 04— 00
pared pure and Fe-doped SrRu€amples, and measured eer Bias (V) 7%

their magnetic and MS properties. The measyy€d curve
(at 10 Og is a typical one obtained for a ferromagneticlike
sample, and in the MS spectra Bt-90 K there is no sign
whatsoever of magnetic order, indicating a weak-coupling
Fe-Ru. Our measurements are consistent with Ref. 11, and
are completely different from the data presented in Figs.
1-4. In addition, our STM topography and spectroscopy 030
measurements, described in the next paragraphs, are not con- ]
sistent, to say the least, with the mixed granular magnetic-SC -0 : ' l : » -0.30
picture. * - Ti Bi::s (mv) B B

The STM topographlc Images were me",isur,ed in the con- FIG. 5. Tunnelingl-V cha:)acteristics at 4.2 K oR=Eu and Gd
stant current mode, where a feedback circuit controls th@amples. The theoretical curvsnooth lineswere calculated using Dyne’s
tip-sample separation for a given setting of the tunnelingunction(see text The inset shows the normalized differential conductance.

curentls and tip biasVs. These images reveal relatively and Gd, respectively. It should be emphasized that we have

rough surface morphology, with rms ro_ughness amplitud akenl-V curves in 15 to 20 macroscopically distinct posi-
around 50 A, and surface features of typically a few hundre ions, on a dense grid covering a square of side 2000 A for

A lateral size. Thd -V curves were acquired while momen- o, position, andlwaysfound a spectroscopic gap which
tarily interrupting the feedback circuit. At each lateral tip varied spatially in the range 7—10 mé¥.

position these characteristics were taken with different set-\y,o tound that for bottR=Gd and Eu samples, the ratio

tings, i.e., with different tip-sample separations. 2A/kgT (kg is the Boltzmann constanis in the range 47,
The principal observation of our STM Spectroscopy meay, ich is compatible with what was found for Y-Ba-Cu®.

surements at 4.2 K is the existence of spectroscopic gaps e variation ofA along the sample may be attributed(e

thel-V characteristics, which vary in width and shape alonginhomogeneity of oxygen content over the sample(bbithe

th% Eur;aﬁe of the samp_]lc_eT, yetln_ever vanish. Howlever,dth%rge gap anisotropy expected for HTS¥'soting that our
width of the gap at apecificlateral tip position is not altered g5 a5 are polycrystalline, so that tunneling may occur in

by changing the STM setting, indicating that single electronyigtarent crystallographic directions for different tip posi-
charging effects, e.g., the Coulomb blockade, do not contribjo s “Note ‘that we did not find sharp spatial transitions be-
ute to the spectroscopic gafiskurthermoreall -V curves  yeen superconducting and normal neighboring surface re-
measured at-45 K (above T) exhibit an Ohmic, gapless giong as might be expected for a granular specitien.

behavior for small biases, independent of tip position ofygreqver, since we expect SC to be more vulnerable at the
STM setting. These findings clearly indicate that all the gapg;rface as compared to the bulk, we can infer SC to the bulk

are of SC origin. o , as well. Thus, the STM findings are evidence that our
Thel-V characteristics were fit using Dyne’s expression samples are really of single phase, and do not consist of

for lifetime broadened quasiparticle density of states. Thus%p‘.j\r‘.ﬂe superconducting and magnetic grains.

two fitting parameters were used: the SC gap paramBter |, conclusion, we provide strong evidence that both SC

and the lifetime broadening of the quasiparticle eigenstates,nq weak ferromagnetism coexistRCeRuUSCO and are an
I'. In Fig. 5 we present typical experimentaV character- intrinsic property of this system. In contrast to other interme-
istics at 4.2 K for theR=Eu and Gd samples, together with 5)jic magnetic-SC systems, the present materials exhibit
fits to Dyne’s function(smooth lines In the inset we plot magnetic order well above the SC transitidi, /T, ~4). We

the normalized differential tunneling conductance, manifestribute the magnetic order to the Ru sublattice, whereas SC

ing thg superconductor quasiparticle density of states. ThpS confined to the Cu@planes. Both sites are practically
zero bias conductance apparent from these curveslB% decoupled from each other.

of the conductance at large bias, which is typical for
HTSC*1® The fitting parameters used in the theoretical This research was supported by the Klachky Foundation
curves arA=9 and 7.7 meV{'=3.5 and 2 meV foR=Eu  for Superconductivity.

0.00 -

Tunneling Current (nA)

ISuperconductivity in Ternary Compounaslited by M. B. Maple and O.  °I. Felneret al, Phys. Rev. BA9, 686 (1994).

Fisher(Springer-Verlag, Berlin, 1982Vol. II. 101, Nowik et al, Solid State Commuriz4, 957 (1990.
2H. Eisakeet al, Phys. Rev. B50, 647 (1994. 11T, C. Gibbet al, Solid State Cheml4, 193 (1975.
jL- Rukanget al, Physica C176, 19 (199). 12E Bar-Sadetet al, Phys. Rev. B52, 6734(1995; 53, 3482(1996.
5R- J. Caveet al, Physica C191, 237 (1992. 18R, C. Dyneset al, Phys. Rev. Lett41, 1509(1978.
I. Felneret al, Phys. Rev. B49, 6903(1994); 51, 3120(1995. 143 Kane and K. W. Ng, Phys. Rev. B3, 2819(1996.

5L. Bauernfeindet al, Physica C254, 151 (1995.
7J. Dzyaloshinsky, J. Phys. Chem. Solit|s241 (1958.
8M. Bennahmiat al, Phys. Rev. B53, 2773(1996.

15H. L. Edwardset al, Phys. Rev. Lett69, 2967(1992.
160, Millo et al, J. Low Temp. Phys(to be publishef



