PHYSICAL REVIEW B 67, 134506 (2003

Magnetoresistance hysteresis and critical current density in granular RuSyGd,_,Ce,Cu,044_5

. Felner™? E. Galstyarf, B. Lorenz! D. Cao! Y. S. Wang! V. Y. Xue,! and C. W. Ch&®*
1TCSUH and Department of Physics, University of Houston, Houston, Texas 77204-5921
°The Racah Institute of Physics, The Hebrew University, Jerusalem, 91904 Israel
3Hong Kong University of Science and Technology, Hong Kong
4Lawrence Berkeley National Laboratory, Berkeley, California
(Received 5 September 2002; published 3 April 2003

We report resistivity data on ceramic RySd, ,Ce,Cu,O,q s Which is the first Cu-O based system in
which superconductivitySC) in the CuQ planes and weak-ferromagnetigiiv-FM) in the Ru sublattice are
considered to coexist. Due to the granular nature of the materials the critical current density at 5 K is extremely
small as compared to other high- superconducting materials. Below the superconducting transitigh the
magnetoresistanc®R(H) = R(H)-R(0) is positive and unexpected hysteresis loops are observed. The hyster-
esis loop is completely different than that observed in conventional homogeneous supercondiR¢tid)json
decreasing the applied fieldH¢,,) is much smaller than thAR(H) for increasing Hey). The width of the
loops depends strongly on the weak-link properties. Similar hysteresis loops are observed in the reference
nonmagnetic NbSGd; sCe Cu,O,q Which is SC atT-=28 K, thus the possibility that the hysteresis phe-
nomenom is caused by the coexistence of both SC and magnetic states is excluded.
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INTRODUCTION In contrast to the Ru-1212 system in which the antifero-
magnetic nature of the Ru sublattice has been determined by
The coexistence of weak-ferromagnetiéWiFM) and su-  neutron diffraction studie¥*®the published data up to now
perconductivity (SC) was discovered a few years ago in have not include any determination of the magnetic structure
RuSKR,_,Ce,Cw,0;n (R=Eu and Gd, Ru-1222layered in Ru-1222. The accumulated results are compatible with
cuprate systems? and more recentfyin RuSpGdCu,Og two alternative scenarios, both of which are used in under-
(Ru-1212. The SC charge carriers originate from the GuO Standing the qualitative features at low applied fielts)
planes and the WFM state is confined to the Ru layers. 1§20ing from high to low temperatures, the magnetic behavior
both systems, the magnetic order does not vanish when SE basically divided into two regiorfs(i) Depending on the

sets in afTc, and remains unchanged and coexists with the~€ content, al'y (which is deduced directly from the tem-
SC state to within a region ofat least 10 mm? The Ru- perature dependendd g, and from Mossbauer studies on

1222 materialgfor R=Eu and Gdl display a magnetic tran- 57Fe—do_ped materialsthe Ru sublattice becomes antiferro-
sition at Tu=125-180K and bulk SC belowT magnetically orderedii) At Ty, (<Ty), a weak ferromag-
3050 K (“lf' >T.) depending on the oxygen conce(r:nra netism is detected, which originates from canting of the Ru
— 9T M c 3

. : ; moments. This canting is probably a result of an anti-
tion and sample preparatidriThe hole doping of the Cu-O - - ; :

t h I f the Dzyaloshinsky-M
planes, which results in metallic behavior and SC, can bsymme e cenange couping o the zyalosninsiy-hiorlya

nes : ! e T ®DM) type** between neighboring Ru moments, induced by
optimized with appropriate variation of tfi¢/Ce ratio.” SC ¢ filting of the RuQ octahedra from the crystallographic
occurs for Ce contents of 0.4-0.8, and the highlestvas  axis? This local distortion which breaks the tetragonal sym-
obtained for Ce=0.6. The isostructural compounds metry, causes the adjacent spins to cant slightly out of their
RUSKER;-,Ce,Cu,050 With M=Nb and Ta are also SC be- original direction and to align a component of the moments
low Tc~28-30K, but do not show long-range magneticwith the direction of the applied field. ATc<T;,, SC is
order® induced and both SC and WFM states coexist intrinsically on
The detailed crystal structure and the atomic positions ira microscopic scalgB) A detailed analysis of the magneti-
Ru-1222 were studied by synchrotron x-ray diffractiamd  zation under various thermal-magnetic conditions suggests a
neutron diffractiofl experiments, which show that the RyO phase separation of Ru-1222 into ferromagnéfiM) and
octahedra are rotate¢t14° around thec-axis and that this antiferromagneti® (AFM) nanodomains species inside the
rotation is essentially the same fer=1 and 0.6, as well as crystal grains. A minor part of the material becomes FM,
for Ru-1212. There is no evidence for super-cell peaks in thevhereas the major part orders the AFM part then becomes
Ru-1222 samples. Specific heat studies of 1222 show a siSC atT.. In this scenario, the unusual SC state is well
able typical jump af ; and the magnitude of th®C/T (0.08  understood. However, we will not discuss the magnetic
mJ/gk?) indicates clearly the presence of bulk $The spe-  structure further, since it is not essential for the topics con-
cific heat anomaly is independent of the applied magneticerned in this paper. Neutron diffraction measurements are
field. Scanning tunneling spectroscdpy,muon-spin  required to precisely determine the properties of the mag-
rotation® and magnetooptic experimettshave demon- netic order in the Ru-1222 system.
strated that both states coexist to within the same crystalline Due to the weakly coupled granular superconductivity of
grain. the ceramic Ru-1222 samples, the intrinsic properties of the
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SC state are further complicated. The microstructure of Ru-

1222 (x=0.5) exhibits well-defined grains with a typical 0.03 .
size of 1-2um and pronounced grain boundartésThe ——— Ru$r,Gd, Ce ,Cu0,
transport transition to the SC state occurs via two intermedi- 1 FC 80 mOe.

ate stage$’ The intragrain sharp drop of the resistivity &t 3
occurs when the grains become superconducting. At this *
point the weak link§WLNSs) between the grains contribute a ] '..
nonzero resistance across the sample. At lower temperature .
(Tp) the WLNs become superconducting and the intergrain 0.01 4 M
transition is much more sensitive to the magnetic field. The s ¢
broadening of the resistive transition was already observed in N

oxygen annealed Ru-1222 materialand was related to in , §
homogeneity in the oxygen concentration which causes a  0.00 §
distribution in WLNs and in thd ¢ values. In that respect, it : _ ' ,
is important to resolve these two steps in more detail, in 0 50 100 150 200
particular the effect o ,; on the magnetoresistance.

In attempting to understand the SC state in the
magneto-SC Ru-1222 system, an approach involving system- FIG. 1. ZFC and FC susceptibility curvegsneasured at 80
atic investigation of the magnetoresistance belagw(intra- ~ mOe) for RuSEGd, Ce CU,O19 as prepared, annealed under 300
grain) andTp (intergrain transitions was employed. For this 0xygen atm. at 600 °C.
purpose two batches from the same material have been used, o )
in Wh|Ch the intergrain Step was enhanced by exposing th@meters f0r a” Samples are S|m|lar to the publIShed Héﬁa
sample to open air. BeloW,, an anomalous magnetic hys-
teresis in the resistivity is observed, which is more pro- EXPERIMENTAL RESULTS
nounced for the air-exposed sample. This hysteresis, which
appears also in SGionmagneticNb-1222 sample, is attrib-
uted to the granularity of the materials. The theoretical The ZFC and FC curves for the annealed
approacff!® for granular superconductors which quantita- RuSKGdh LCe ClhO19- 5 sample measured atHgy
tively explains well this hysteresis is discussed. We start with=80 mOe are shown in Fig. 1. The sample was ZFC down to
the low field magnetic measurements on an oxygen annealddK at nominally zero field, and then a small field 4 was
Ru-1222 material, which possesses a sharp diamagnetic dr@pplied. He,—=80 mOe was measured by a calibrated Hall
at T¢ and a high Meissner fraction. probe inserted into the sample space. The typical expulsion
of magnetic flux lines aT =43 K (confirmed also by four
point resistivity measurementsm the FC curve, as well as
the flatness below, are readily observed. TheM gc/H oy

Samples ofMSKGd,_,CeCu,0;0 5 (x=0.6 and 0.7, atTcis~70% of 1/47 value. We have not corrected for the
M = Ru and Nb were prepared by a solid-state reaction tech-demagnetization factor, which should be small since the
nique as described elsewhkfé® The as-preparedasp sample has a bar-shaped form atg, is parallel to the long
RuSKGd, ,Ce {C045_s sample was reheated for a few axis
hours at 600 °C under 300-bar pure oxygen pressure. The With the purpose of acquiring information about the trans-
dimensions of this bar shaped sample arex@354 port critical current density Jc) of this high quality an-
x0.08cni.  Part of another as  prepared nealed RuSIGd, L & ¢Cu,0y0- s Sample, we have measured
RuSKGd, :Cey L0440 5 sample(kept in a dessicatprwas ~ (at 5 K) thel-V curves at various applied fieldBig. 2). The
exposed to air at ambient temperature for a few mofdies ~ Onset of the resistivity is changed dramatically to lower cur-
noted as asp and “air,” respectivelyDetermination of the rents with the applled field below 10 Oe, but is almost un-
absolute oxygen content in the as prepared materials and ghanged forH, higher than 20 Oénot shown. The de-
the annealed samples is difficult because C&not com-  duced field dependence a¢ is exhibited in Fig. 3, and the
pletely reducible to a stoichiometric oxide when heated tesolid line is the fit of curve talcocHo %, The value ob-
high temperatures. The grain sizes3—15 um) of the ce- tained 45 K andH=0 (22 Alcn?) is a few orders of mag-
ramic samples were measured using a JEOL JSM 6400 scanitude lower than the measuredlc of ceramic
nung electron microscope. YBa,Cu;0;.% The intregraindc value of Ru-1222 can be

Zero-field-cooled(ZFC) and field-cooled(FC) dc mag- evaluated from the remanent moment of the SC Nb-1222
netic measurements in the range of 5-300 K were performedhich serves as a reference material, assuming similar SC
in a commerciallQuantum Designsuperconducting quan- properties of the two iso-structural systems. The remanent
tum interference devicé€SQUID) magnetometer. The resis- field (at 5 K) obtained for NbSIGd; ,Ce) C,01g_5, IS 17.5
tance was measured by a standard four contacts probe i@e. In the Bean model-=30* AM/d (whered is a typical
serted in the SQUID magnetometer. Powder x-ray diffractiorparticle size parameterTakingd as 0.3 cm(the largest di-
measurements confirmed the purity of the compounds withimension in the samplave obtainJ.~ 1575 Alcnt, a value
the instrumental resolution of a few percent, the lattice pawhich is much higher than those in Fig. 3. Therefore, it is
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A. Critical current density of Ru-1222
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FIG. 4. The temperature dependence of resistivity in magnetic

RuSKGd, ,Cq Cu,04, at various applied fields in Ognarked in
the figure. fields up to 50 kOe for Ru$6d; €&y Cu04g.
possible that the low of Ru-1222 is related to its magnetic coupling. The zero resistance temperature decreases rapidly

behavior and more investigation is needed to clarify thisat low fields, and only slowly at high fields. The field depen-
dence of these transitions will be published elsewhere. Gen-

point.
erally speaking, below  the resistivity is governed mainly
B. Weak-link resistance in granular Ru-1222 by the WLN properties and it is sample dependent. Various
. ) parameters affect the WLN properties such as: heat treat-
Figure 4, shows the temperature dependence of resistangga annealing conditions and the way the samples have

of as prepared RugBd; :Ce) LCU,0.0 5 at a fixed current  paan stored prior to measuring.
The isothermal magneto resistance curvas Hy; in-

(0.1 mA) at variousH.,. This behavior is similar to that
observed for the Ru-1222 in Ref. 9. It is readily Observedcrease)sfor temperatures below and aboVe are shown in
Fig. 5. Zero resistance is observed even ffy,= 50 kOe

that the broad transition for this granular superconductor oc
curs via two stages. The onset of superconductivity ( pejow 7 K (Fig. 4). At higher temperature®(H)>0 at high

=43 K) at which the grains become superconducting is NOfig|4s and is strongly dependent on the applied figid to
severely affected biHe,. A little difference in the onset (5_7 kg, until a common slope is reached. The isothermal
tempe_rature |s_9bserved between 5 and 50 kOe. However, ﬂF@(H) curves are shifted to higher values up to the normal
step-like transition at much lower temperatuiis €38 K at  giate resistance. Note, that the magneto resistance of the nor-
zero field, which is due to weak-Josephson intergrain COU'mg| state(at 48 K), is negative, similar to that observed in

pling, is affected dramatically by the applied field. This is gt o

typical for a granular superconductor with weak intergrain
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FIG. 3. The field dependence of the critical current density at Sthe resistance of Rugsd, e, LCu,0,¢ at various temperatures.
K. The resistivity at 48 K was measured up to 20 kOe.
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FIG. 7. The time response of the normalized residual resistivity

FIG. 6. Hystersis loops of the magnetpresis_tanc_e Of(dots) and the remanent mome#olid line) at 15 K after the with-
RuSKLGd; .Ce LU, 044 of at 10, 25, and 25 K; the field directions drawal of a field of 50 kOe.

are signed. The arrows indicate the field direction during the mea-

surement. 5 K even forH =0 (not shown, and the typical hysteresis

Surprisingly, as the applied field is decreased, an anomd? the magnetoresistance is readily obser¢®d. 8. Here
lous magnetic hysteresis is observed in the magneto resi€din, the resistivity increases with the applied field, and for
tance curvegFig. 6). (i) The resistance in the decreasidg, '€ descending field th&(H) curve (above a crossover
curve is lower than that in the increasihly,; curve above a field) IS lower than that for th_e ascending one. In particular,
crossover field (i) Below the crossover field the trend is the residual resistance dt=0 is nonzero and large when the
reversed and atl,,=0 the resistance is finite after the field field is decreased. When the field |s.ramped from positive to
cycle. The loop's width decreases with temperature and negative and back, the same trend is observed. For the sake

hysteresis is observed abo¥e ; thus the hysteresis is the of comparison, Fig. 9 displays the hysteresis loops obtained

result of the granularity of the material, and depends on th@t 15 K for the two: the as prepared and the air exposed

WLN properties. It is also possible that close Te, the sample_s, which only differ from each other_ in their WLN
hysteresis loops are very narrow and thus un-detectable. properties. In order to compare the Iogp width of the two
should be emphasized that the hysteresis in the magneto rg]_ate_nals, the as prepareq curve was sh|(tg_d2.729) from
sistance curves is neither connected to the magnetic hystef Original position(see Fig. 6 The magneti (H) curves
esis loops observed beloW,* nor to the fact that SC and at 15 K and the remanent moment at 5 K are practically th(=T
magnetism coexist in these materials. It is interesting to not ame. Thus the broad _Ioop for.the exposed ageq sample in
that the loops’ width AH) in Fig. 6 are much larger than the ig. 9 stems only from its poor intergrain connections.
macroscopic demagnetizing fieldM . For example at 15 K
andH =2000 Oe,AH = 1400 Oe, whereas#M is only 360
Oe. i, _ AT
On the other hand, the finite resistance, with decreasing 281 \A\\:;;%o.. e @t
field obtained atH.,=0 and the remanent magnetization : N o/ 5K
moment have the same time response. The relaxation rate of 1 5 * ;”u/
both quantities were measured as follows. At 15 K, a field of : 2 \5’ s
50 kOe was applied and then turned off. The time depen- = 261 36
dence of the residual resistivity and the remanent magnetiza- ot L
tion were recorded. The normalized valuéise., M(t) ‘ /
—M(*)/[[M(0)—M()] [whereM(0) and M (=) are the ] RuUSr.Gd Ce Cu.O
moments at=0 and 150 mif) are plotted in Fig. 7. The two Booreermee
curves overlap, indicating that the decay of both physical 2.4+
properties have the same origin.
A number of samples with different intergrain properties e ——
were investigated to assess the sensitivity of the shape of the -15000 -7500 0 7500 15000
magnetoresistance hysteresis loops to variations in the Field (Oe)
WLNs  behavior. Exposing the as prepared
RuSKGd,; .Ce Lu,0;5sample to air, reducek: from 43 to FIG. 8. Hystersis full loops of the magnetoresistance of argon
40 K and sharply affects the intergrain connectivity. As aannealed Ru$6Gd, e, /Cl,0,. at 5 K. The field directions are
result, in contrast to Fig. 4, no zero resistance is obtained aligned by the arrows.

)
-

.
;
.

(air)
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FIG. 9. Magnetoresistance hysteresis loops of as prefasgd ~ NPSEGd; sC& sCl,0y 0f at 5, 15, and 25 K. The arrows show the
and air annealed Rugsd; Ce, ,Cu,0;, materials at 15 K. For the directions of the field change during the measurement.

sake of clarity, the as prepared curve was shiftted up by 272 ) _ ) _ _ _
from its original position. Note the difference in the widths of the grain coupling, is affected dramatically by the applied field
two materials. and shifted to lower temperatures. The zero resistance tem-

perature decreases rapidly at low fields and fagy,
Similar hysteresis loops have been observed with various<100 Oe. The resistivitytéb K is finite. Figure 11 shows the
RuSrEy_,Ce,,Cu,0;o samples, and the general trend is thathysteresis loops obtained at 5 and 15 K. Here again, the
the temperature in which the hysteresis appears as well as tigeneral trend is that the loops become narrow with tempera-
width of loops depend on the heat treatments and annealirigire, and no hysteresis is observed Ty<T<Tc, similar
procedures of materials. One may propose, that the origin df the case of Ru-1222 discussed above.
hysteretic phenomena is the magnetic Ru sublattice which

coexists with SC in the Ru-1222 systems. In order to exclude DISCUSSION
this assumption we measured the temperature dependence of
resistance of our reference material,  In granular superconducting materials, the non-Ohmic re-

NbSKLGd, C& Cu,0;y_5 at a fixed current(0.1 mA) at  Sistivity belowTp is governed by the WLN resistivity which
various Hey (Fig. 10. This behavior is similar to that ob- IS strongly field depender(Fig. 5). Qualitatively speaking
served for the Ru-1222 in Fig. 4. The onset of the intragrairthe hysteresis in the magnetoresistance curves exhibited in
superconductivity T.=28 K) is not affected much b oy Figs. 6, 8, 9, and 11 closely resemble the behavior predicted

whereasT,=22 K, which is due to weak Josephson inter- by the two-level critical-state model of &t al'® They ex-
plain qualitatively the surface resistance of granular super-

conductors, and this model can be extended to describe bulk
resistivity as well. For the sake of clarity we will summarize
briefly this model.

The conventional critical-state model deals with macro-
scopically homogeneous superconducting samples, where a
single J¢ controls the gradient of the flux density every-
where. For granular systems, the two-level critical state
model is used and two distinct different current densities are
taking placei(i) a largeJ¢ inside the grains, an@i) a much
weaker one reflecting the intergranular Josephson coupling.
In other words, two types of fluxons according to their dc
pinning characteristics are define@ strong grain-pinned
fluxons, andb) free grain-boundary fluxons which are those
that never move through grains. The gradient of the flux
density inside the grains is much larger than that in the
boundaries between the grains. On a macroscopic scale, the
flux density averaged over many grains should have a gradi-

FIG. 10. The temperature dependence of resistivity in magneti€nt determined by the weak intergrain properties. The resis-
fields up to 50 kOe for Nb$Gd; sCa, Cu,0;0. The applied fields tivity is dominated by the flux density in the grain bound-

are: 0, 10, 20, 50, 100, 200, 500, and 5000 Oe and 1, 2, and 5 T, iaries ;) due to its smaller pinning strength; is further
sequence as marked for some curves. affected by the combination of the external fiéld,; and the

R@

Temperature (K)
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field of the local intragrain supercurrentsr the magnetic  observed®*® This minimum is not observed in our experi-
domaing, and experiences agffectivefield of Ho,- ad7M, mental curves, probably because the actual grain size is not
wherea is a numerical factor. Theoretical calculationsngf  uniform and the critical state on the macroscopic level makes
as a function ofH,,; show that, contrary to homogeneous the average field vary slightly at different positions in the
samples, for the same value bif,,, n; in the decreasing sample. While this explains qualitatively our experimental
branch of H., is lower than that in the increasing results, a more quantitatively theoretical description is
Heyrbranch, except near the remanent state. The explanatioreeded.

for this reduction is as follows. When the field is reduced,

some of trapped fluxons are no longer supported by the ex- CONCLUSIONS

ternal field and form closed loops through the grain bound-

O e e otV RuSt G ,Co O ¢ saples th crcal curen cen
P asmw P sity in the superconducting state is extremely small. In the

through.the weakestjunct|qns. Because of magnetic field Sus'uperconducting state, the zero-resistance temperature rap-
perposition, the average field within the junctions of the:

; idly decreases with the applied magnetic field and depends
weak-links thus becomedH(,,— @47M) less than the ap- " . .
plied field. As a result]. in a descending field will be cor- strongly on the weak-links properties of the materials. Below

: . S T h i R(H) i iti -
respondingly increased over the initid¢ curve. Thus the c, the magnetoresistanckR(H) is positive and unex

. . . ; . ected hysteresis loops are observed. Rel) curve for
smaller effective field in the grain boundaries leads to th.éd)ecreasing of the applied fieldH(,) is much lower than that

.hyste're5|s observed in Figs. 6, .8' 9, and 11, ?”d this bghaV|%rf an ascending field. The width of the loops decreases with
is typical of any granular material. Note the difference in thetemperature and varies from sample to sample. Similar

g)r(i)é)s?;zzig o:;)the same material but with different grain bound-hysteresis loops are observed in the reference

This is initially a large effect as the strongest persistenth.SrZGdl-5.CQ)-5CUZO.lO which is SC only aff¢=28 K. We .
; . ) attribute this behavior to the granular nature of these materi-

loops in the weak links contribute a large amount of reverse S oo

. . als and use the two-level critical-state model to describe it.

flux. However, as the external field is reducéat as the

temperature is ralsédhe_ process of the flgx reorganization ACKNOWLEDGMENTS
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