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Evidence for an interplay between superconductivity and antiferromagnetism of rare-earth ions
in Gd,4+4Ba,_,Cuz;0,_5
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Here, we report on ac susceptibility measurements which reveal an anomaly associated with antiferromag-
netic ordering of G ions atTy=2.45 K in the fully oxygenated superconducting ;GBia, dCu; O o3 With
the critical temperatur@. =42 K. This anomaly is explained as a result of the enhanced pair-breaking effect
near the magnetic phase transition. This is the first evidence, to our knowledge, that in tfie. kigbper
oxides of the Y123-type superconductivity and antiferromagnetic ordering interact in a deep superconducting
state Ty<<T,). No signature of the interaction between conduction electrons and localized magnetic moments
is observed for the Gd ,Ba, ,CuzO;_ s compositions wittk<0.1, i.e.,T.=66 K, where superconductivity
is strong and masks the effects of magnetic ordering.
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Magnetic superconductors have recently attracted growing state, i.e., at temperatures much belbw On the other
ing interest with discovery of the ferromagnetically orderedhand, unequivocal proof of the interaction between conduc-
state coexisting with superconductivity in UGk Zrzn,,2  tion and magnetic electrons was reported from resistance
and URhGE In these compounds, we believe that the coex-measurements for ultrathin, granular DyBasO,_ 5 films
istence is possible if some kind of subtle separation betweewith T, reduced to a value close T, .° Additional evidence
magnetic and conduction electrons is present irrespective @iomes from the upper critical field measurements for
a considered spin-triplet pairifgThus, it is important to Smy 5Ce 158CU0,_, (Ref. 10—a compound from the class
study the interplay between magnetism and superconductivsf low-T. copper oxides. For the superconducting Gd123,
ity in the case where the coupling between these subsystemsformation pertaining to the AFM transition of &t ions
is weak. This requirement seems to be fulfilled for high-has been obtained from neutron scattefingand
temperature superconductors of the ¥88;0;_ 5 (Y123) specific-heat experiments. These data have revealkg
type, where no significant changes of the superconducting-=2.2 K for both superconducting and oxygen-deficient non-
transition temperaturg, have been observed by substituting superconducting compounds in zero applied magnetic
Y with magnetic rare-earttRE) ions* A weak coupling be-  field B.
tween magnetic and conduction electrons is also required to In this paper, we report on the firm evidence that
explain the coexistence of superconductivity and long-rangéong-range AFM  and  superconducting  orderings
antiferromagneti¢AFM) ordering at low temperaturés.g.,  interact in Gd,,Ba_,ClO,_ 5 with x=0.2.12 For the
Ty=2.24 K for RE = Gd).> A weak but non-negligible in- G0, ,Ba, {Cu;0; g3sample T, is decreased to 42 K ark), is
teraction between REf4and Cu 3l electrons, possibly via increased to 2.45 K by substitution of Gd on the Ba site
modified oxygen P orbitals, has been verified through while keeping the oxygen content as large as possible. For
specific-heat  and inelastic magnetic  scatteringthis sample, superconducting currents are unable to screen
measurementsit remains to be shown whether or not the the AFM fluctuations of the G magnetic moments, and as
interaction between the localized #lectrons and the con- a consequence, a peak in the temperature dependence of the
duction 3d-2p electrons of the CuPplanes in RE123 com- ac susceptibility is observed &f;. This proves that the cou-
pounds can be revealed and studied by magnetic or transpgling between the localized Gdf 4and the conduction Cud3
experiments. and/or oxygen P electrons is sufficiently strong and results

In the context of the multiple pair-breaking theory, the in the pair-breaking effect due to the spin-disorder scattering.
interaction between superconducting electrons and orderddo signature of the AFM ordering dty is observed for the
magnetic moments is usually examined by analyzing arac susceptibility measurements of the samples wifD.1
anomalous decrease of the upper critical fi@lg, in the (T.=66 K).
vicinity of the AFM ordering temperatur@y .’ In RE123 Samples of Gg,,Ba, ,Cu;0; 5 were synthesized re-
high-T. superconductorsB,, is too large to be studied at sulting in superconductors witf, decreasing from 93 to 0 K
temperatures where the long-range AFM order of thegwith a plateau at 40 Kand Ty changing from 2.24 to 2.26
RE ions appears. However, the interaction between supek (with a maximum at 2.45 Kfor x varying from 0 to 0.4,
conductivity and antiferromagnetism may still be observedrespectively. In the first step, the samples were prepared in
as an AFM peak aTy in the ac susceptibility when super- the form of a very fine powder by the citrate pyrolysis
conducting screening is weak such as for classic RE3Mo process: Then, the powder was calcined in air at 900 °C for
and recently discovered loW; RENi,B,C AFM super- 12 h, pressed into pellets, and sintered at 940 °C for 4 h.
conductors:® To our knowledge, no such anomaly has beerThe final heat treatment was performed for 24 h at 400°C in
observed for the RE123 compounds in a deep superconduaixygen and at 700°C in Ar to obtain superconducting and
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O o7 82 o5 & 0:52.20 FIG. 2. Realy’ and imaginaryy” parts of the ac susceptibility
’ Tx ’ : for the oxygen annealed GgiBa, ¢:Cu305 94 Sample measured at

zero applied field. The inséd) showsy’ (T) for the same sample in
FIG. 1. (a) Lattice parameters an¢b) the superconducting the vicinity of Ty atB=0,0.6, and 1.4 T. The inséb) showsy’(T)
transition temperatureT. and the antiferromagnetic ordering for the Ar-annealednon-superconductingample aB=0, 0.6, 1.0,
temperature Ty, vs composition x for oxygen annealed and 1.4 T.
Gd; . ,Ba,_,Cu;0,_5. Open symbols represent results taken from

Ref. 15. . . .
Gd; ,Ba_,CusO;_s solid solution has maximumTy

non-superconducting samples, respectively. Sample phase2.45 K for x=0.2. Close to this level of substitution, a
composition and lattice parameters were determined by x-raffansition from the superconducting orthorhombic to the su-
powder diffraction using a Rigaku Inc. x-ray diffractometer. perconducting tetragonal phase appears, and a plateau for the
Sample chemical composition and homogeneity were examF¢(x) dependence is observedlat=45 K. In the tetragonal
ined using a Hitachi scanning electron microscope equippeghase, Ty decreases with increasing most probably be-
with an energy-dispersive x-ray analyzer. Oxygen contentause of the disturbed distribution of the Gd ions foex-
was determined by an iodometric method and/or thermotending above 0.2. Samples with=0.05 (T,=85 K, Ty
gravimetric analysis measurements using a Cahn TG171 sys-2.26 K) andx=0.2 (T,=42 K, Ty=2.45 K) were se-
tem with slow (0.6°/min) heating and cooling rates. Susceplected for study in this work.
tibility and resistivity measurements were performed in the To ensure that we deal with bulk effects, the effective
temperature range from 1.8 to 100 K at an applied dc field superconducting volume fractiom of the grains was esti-
from 0 to 7 T with a Quantum Design physical propertiesmated from the ac susceptibility measurements performed in
measurement system. The susceptibility was studied upothe temperature range from 1.8 K #q.. The appropriate
heating from zero-field-cooled statBFC mode and occa- correction for the grain demagnetizing effect was included,
sionally upon cooling(FC mode using an ac filedh,,  and the amount of the superconducting phase30% and
=1 Oe at a frequency =200 Hz. T, was determined by 45% was computed for the=0.05 and 0.2 samples, respec-
resistivity measurement$, was determined by specific heat tively. The estimation ob was performed aB=7 and 0.2 T
(in zeroB) and ac susceptibility experiments. for the x=0.05 and 0.2 samples, respectively, to make the
First, the samples were carefully characterized to learn ofirains magnetically decoupled at higher temperatures. For
the solubility limit for the Gd™ substitution and to deter- both samples, the shielding effect was also estimated and
mine the highesT, possible for a single-phase composition. found to be nearly perfectta4 K and B=0 (x’
Figure 1 presents variation of the lattice parameters ane:—1/4w emu/cni Oe). All of these results confirm bulk su-
variation of T, and Ty as a function of x for  perconductivity and attest to the good quality of our
Gd;, B CuO;_ s with oxygen content maximized to specimeng?®
6.94, 6.99, 7.03, and 6.98 far=0.05, 0.15, 0.20, and 0.25, The Gd oBa; 9CUs0g 94 (x=0.05) sample was chosen to
respectively. Results obtained for the samples wittD, 0.1,  show typical ac susceptibility results for the high-AFM
0.3, and 0.4 are taken from Ref. 15. The existence of s&uperconductors in the vicinity ofy. Figure 2 shows the
single-phase solid solution extendsxte 0.4, similar to that real ' and imaginaryy” parts of the ac susceptibility ob-
observed for the corresponding REBa,_,Cu;0;_s sys-  tained with increasing temperature for the ZFC mode. At
tems with RE = Sm or Nd® Smaller substitution zero dc applied magnetic field, a sharp transition to the bulk
(x=0.11) has been achieved for $mBa,_,Cu;0,_5;  superconducting state appearsTat85 K. The inset(@) of
single crystals! This indicates that, currently, only the poly- Fig. 2 showsy’(T) curves for thex=0.05 sample at low
crystalline materials can be synthesized with markedly intemperatures foB=0, 0.6, and 1.4 T. No signature of any
creasedly, and therefore with notably enhanced magneticanomaly is observed &ty=2.26 K. This is expected when
interactions. Thus, only the polycrystalline materials arethe interior of the samplénterior of the individual grainsis
available as materials suitable for our experiment. Theshielded by superconducting persistent currents and the ex-
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FIG. 3. Low-temperature part of the ac susceptibijtyfor the
oxygen annealed GgBa; {Cu;0; o3 Sample measured at an applie
dc fieldB=0.6, 1.0, 1.6, and 1.8 T. Open symbols represent result
obtained upon cooling. The inset shows measured as a function

of B at constant temperatures.

isting transition to the AFM state is fully masked. Evidence
of the magnetic transition in the GgiBa; =CuU;Og 94 SAMple
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FIG. 4. Critical magnetic fiel8,, as a function of temperature

for the Gd,,Ba,_,Cu;0;_ 5 superconductings, triangles, solid
d line) and Ar-annealed non-superconductifmg, diamonds, broken
lines) samples withx=0.05 (open symbols and 0.2(solid sym-
bolg). X(T) and X(B) represent results obtained from the ac sus-

ceptibility Y’ measured as a function @fandB, respectively. The
lines are guides for eye only.

T, x(q) is expected to peak for wave vecipr G, where

ments. Moreover, ac susceptibility has been measured for tHeesting of the Fermi surface and such a nesting may result in

to destroy superconductivity. Thg'(T) results for this
sample are shown in the ins@d) of Fig. 2. A clear drop is

for low-T. AFM superconductors in the vicinity ofy at
appropriately high applied magnetic fielt€. This “reen-

observed aTy=2.26 K forB=0. The ordering temperature frant’ resistance is accompanied byla peak in the ac suscep-
decreases with increasi®) as expected for AFM materials. tibility as a function of temperatur€’. For highT, super-
Clear evidence that the superconducting and magnetigonductorsG=2kg and a broad peak ip is expected with
subsystems can interact in the RE123 compounds is provideimaximum slightly abov&y .** This behavior irp requires
the@ peak in the ac susceptibility, as stated above. This predic-

Gd; Ba, CU;0, o3 (x=0.2) sample. Figure 3 shows the tion is fully confirmed by our results, where a humplike fea-

the ac

by

low-temperature part gf’ obtained for thex=0.2 sample at

susceptibility measurements

for

ture in x'(T) is observed just abové&y. For thex=0.2

several dc applied magnetic fields. A significant drop in theSample, the exchange-scattering effect is too weak to result

temperature dependence gf(T) is observed belowr,

in a resistance different from zero, so it can be observed as a

indicating a transition to the AFM state. The effect of in- magnetic effect only.
creasing magnetic field is to shifty to lower temperatures.

state disappears.

The pronounced peaks that are observed clo3g, o the

The main issue is to prove that the interaction between
At fields above 1.6 T, the transition to the AFM state falls Magnetic and superconducting subsystems is present in the
below 1.8 K, the lowest temperature available in our experiS@mple where no separation of the magnetic and supercon-
ment. The inset of Fig. 3 shows measured as a function of ducting phases appears. For that reaso,al phase dia-

B at severall. Here,B,, is a critical field for which the AFM ~ gram has been derived frop’ (T) measured at variouB
and from y’(B) measured at various. Figure 4 shows the

B.,-T phase diagram obtained for both the superconducting

¥'(T) measurements of the=0.2 sample can be explained and the Ar-annealed pon-superconducting samples with
as a result of the enhanced spin-disorder scattering effect; 0-2. A pronounced difference between the #g(T) de-
which is due to a transition to the AFM state. In the pair- pendencies is observed at higher magnetic fields. This obser-
breaking approach, these peaks reflect the temperature bevation, in association with the single peak of eveary(T)
havior of the pair-breaking parameterthat in a quasistatic Curve, provides important evidence that the superconducting

approach i5p=(3J2/7r)E<I>(ﬁ)X(ﬁ), where J is the ex-
change constant for the interaction between conduction ele
trons and the localized Gd magnetic moments. The quan-

tity @(6) is the joint density of states for the conduction

sample withx=0.2 is free of a noticeable amount of the
(9_xygen-deficient non-superconducting phase. Thus, this peak
Is interpreted as a result of the interaction between the coex-
isting AFM and superconducting orders. For comparison, the
B.(T) curve for the Ar-annealed nonsuperconducting

electrons and(q) is the wave-vector-dependent susceptibil-sample withx=0.05 is also shown in Fig. 4.
ity. For the case ofj near the Fermi momentung¢ke),
X(ﬁ) is the main temperature-dependent component of theopper oxides of the RE123 type, the AFM ordering of the

pair-breaking parameter. As temperature decreases towargae-earth ions affects superconductivity in a deep supercon-
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ducting state. For the GgBa, {Cu;0; 43 compound with — gives strong evidence that separation of the superconducting
T.=42 K, a clear peak in the real part of the ac susceptibil-2nd the normal magnetic phases can be excluded. Thus, su-
ity has been observed @t,=2.45 K and interpreted as a perconductivity and long-range AFM ordering interact here

result of the conventional pair-breaking effect enhancedS uly coexisting effects.

close to the magnetic phase transition temperature. For the The author would like to thank Z. Bukowski for help in
Gd, Bay §Cs07 03 compound in a magnetic fieldy is re-  partial preparation and characterization of the samples, V.N.
markably different for the superconducting and the oxygenNarozhnyi for specific-heat measurements, and T. Kopec, J.
deficient non-superconducting sample. This observation, toviais, and B. Dabrowski for stimulating discussions. This
gether with the single anomaly in the temperaturework was supported by the State Committee for Scientific
dependence of the real part of the ac susceptibility igar ResearcHKBN) within Project No. 2 PO3B 125 19.
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