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The intergranular pinning potentiall and the critical current densityJc for polycrystalline
RuSKGd; sCe) sCu,0; ruthenate-cuprate were determined at zero magnetic field and temperature through
the frequency shift in the peak of the imaginary part of the ac magnetic susceptjdilifycritical state model,
including a flux creep term, was found to accurately describe ythebehavior. The obtained values,
U(H=0,T=0)=30 meV andJ(H=0,T=0)=110 A/cn? are about two orders of magnitude and four times
lower, respectively, in comparison with the high-cuprate YBaCu;O;. These results were ascribed to the
effects of the Ru magnetization on the connectivity of the weak-linked network, giving an intrinsic local field
at the junctions of~15 Oe. The impact orlc is less intense because of the small average grain radius
(~1 wm). The intragranular London penetration lengtirat0 [\, (0)=2 um] was derived using a Kim-type
expression for the field dependencelgf A possible source for the large value)qfin comparison to the high-

T, cuprates is suggested to come from a strong intragrain granularity, due to structural domains of coherent-
rotated Ru@ octahedra separated by antiphase boundaries.
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I. INTRODUCTION across a wide distribution of link qualities. The results for
the ruthenate-cuprates have been interpreted as a conse-
The coexistence of ferromagnetieM) long-range order quence of the effects of the Ru magnetization on the grain
of the Ru moments with a superconductif&C) state in the  boundaries, in such a way that the intergrain percolation oc-
ruthenate-cuprates ~ RuRCw,Og  (Ru-12132  and  curs only through a fraction of high quality junctioHs.
RuSK(R, C8,Cu,0:0 (Ru-1223, where R=Gd, Eu, has been These reports clearly show that the magnetization in the
intensively studied in recent year$ Among several major grains leaves a sizable effect in the connectivity of the weak
open issues, the interplay between the transport propertidmk network. Whether this unique feature of the ruthenate-
and magnetism has received a great deal of atteftldtOn  cuprates changes the essentials of the intergrain properties in
the other hand, there are few reports on the intergrain propzomparison to the higiz superconductors remains an open
erties, which exhibit very interesting features. The broad reissue; a quantitative determination of the parameters charac-
sistive SC transition(ATsc~15-20 K} observed in good terizing the intergrain coupling in these compounds is still
quality Ru-1212 ceramic samples has been consistently exacking.
plained in terms of a strong intergrain contribution and spon- Since the early works in the high: superconductors, ac
taneous vortex phase formation in the grains, as evidencemagnetic susceptibility has proved to be a useful tool to char-
through microwave resistivity measurements in powders disacterize their granular propertiés!°In particular, a critical
persed in an epoxy resii.An abrupt reduction in the state model for granular superconductors was used to calcu-
suppression rate of the intergranular flux activation energyate the temperature, and both ac and dc magnetic field de-
with the increase in magnetic field has been observed giendence of the complex susceptibilify,=i+ ", for sin-
H=0.1 T in polycrystalline Ru-1212, through a study of thetered bulk samples of YB&wO; (YBCO),2%-2?
I-V characteristic curve¥. This behavior has been ascribed (Bi, Pb),Sr,CaCu;0,o and B,Sr,CaCyOg,2% with excellent
to a spin-flop transition of the Ru sublattice, leading to aresults. In this paper we present detailed measurements
decrease of the effective local field at the junctions. In addiof the ac magnetic susceptibility as a function of frequency
tion, a preliminary repott on I-V curves for Ru-1222 sug- f and amplitudeh,. of the driving field in polycrystalline
gests that the low values obtained for the intergranular curRuSEGd; sCe sCL019-5. We show that the simple
rent densityJc is possibly related to its magnetic behavior, models proposed to describe the dependence on these param-
indicating that more investigation is needed to clarifyeters of the imaginary part of the susceptibility;, in
this point. The peak of the SC intergrain transition, asthe conventional cuprat&s2®quantitatively accounts for the
determined from the derivative of the resistive curves, isbehavior of the dissipation peak in Ru-1222. Nevertheless,
quite intense and narrow in both ruthenate-cuprate systtmsthe parameters characterizing the intergrain properties, as
This result is at variance with the high-cuprates, exhibit- the pinning potential depth, the full penetration field, and the
ing a smeared intergrain peak of small amplitude as aritical current density, are considerably lower in Ru-1222
consequence of a broad-in-temperature phase-lock proceas compared to the highs cuprates. We propose that
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T (K) FIG. 2. Logarithmic plot of the ac driving frequendiy, vs the

_ _ reciprocal of they”-peak temperaturélj;,l, for different amplitudes
FIG. 1. Temperature dependence of the imaginary part of the ag_ : from left to righth,.=0.03, 0.1, 0.3, and 1 Oe. The continuous
magnetic susceptibilityy”, for Ru-1222 using different amplitudes |ines are linear fittings.
and frequencies of the driving field. Selected curvesffef.1, 1,

and 10 kHz are shown. For the sake of clarity not all measured dat . .
points are plotted. taemperatures. Inside each set of data, the peaks are shifted

to higher temperatures at is increased. Typically, the

. total temperature shiftATp, for the measuring\f interval,
these results are due to effects of the Ru magnetizatiopy approximately 2 K. In Fig. 2 we show a logarithmic

within the grains on the connectivity of the weak link plot of f vs 1/T, for different h,, values. The points

network. clearly follow a linear dependence, corresponding to an
Arrhenius-type expressionf="fyexp(E;/kTp), where E;
Il. EXPERIMENTAL plays the role of an activation energy associated to the
: frequency effectsfy is a characteristic frequency, arid
Polycrystalline RuSGd; sCe) sC04p-s (RU-1222 was . 0 2 :
prepa?ledyby conven%gwallf) sgjli?j-:tzatéo trsefaction 2Details 025 the Boltzmann constant. The activation energies calculated
sample preparation, microstructure, and the resistive SC tra rom IQE sgop;(;s of \Bhe |Ineaf”:ItS. of tthef é_rrh%nlur? plots
sition can be found elsewhet&The room temperature x-ray are "]] (?[. N hme . rangle. _tehln_se OI Ilg:. S @VS.
diffraction pattern corresponds to Ru-1222, with no spuriousaS a function o USINg a logarithmic scale. ~or compari-
lines being observed. Scanning electron microsc(giyM) sons with the results obtained for the h@p-cup_rqtes,
revealed a dense packing of grains, with an average graiWe extrapolated t0h,.=0.02 O¢=1 A/m rm9, giving

radius=1 um, leading to a well-connected microstructure. =f(Nac=0.02 08=30 meV. _
The intragrain SC transition temperature Tge=22 K16 The variation inTp for differenth,. amplitudes, measured

Bars of=10X 1.7X 1.7 mn? were cut from the sintered pel- With f=1 kHz, is plotted in Fig. 3. The largest measuring
let. The realy’) and imaginary(y”) parts of the ac magnetic amPplitude for which a peak is observedhg=3 Oe, with
susceptibility were measured in a Quantum Design PPM p=2.7K. A ponnqm_laI fitting (contmupus _I|n¢; yield
system, with ac amplitudes,=0.03, 0.1, 0.3, and 1 Oe, and .{Tp=0)=5 Oe. This is the full penetration field (0) of
frequenciesf=35, 100, 350 Hz, and 1.0, 3.5, and 10 kHz. the bar-shaped sample B0 for f=1 kHz.
For f=1 kHz, the curves withh,.=0.01 and 3 Oe were also
measurgd. Thg” pea!< tempe(aturéljp, was determingd by IV. DISCUSSION AND CONCLUSIONS
conventional numerical derivation of the experimental
curves?’ As already mentioned, the critical state model has been
successfully used to characterize the granular properties of
Il. RESULTS high-T, superconductors. In particular, it was shown that a
flux creep term added to the current density term in the criti-
Figure 1 shows the imaginary part of the ac susceptibilitycal state equation accurately accounts for the shift imthe
of Ru-1222, x"(h,. T, f). For the sake of clarity, only peak to higher temperatures with increasing frequency of the
selected curves are presented, for low-, medium-, andc field?®-26In the following, we briefly review the essential
high-frequency values. The peaks jf are grouped in ideas of this approach necessary to conduct the discussion;
four sets of data, corresponding to the ac amplitudesietails can be found in the previously mentioned reports. We
h,c used. Higherh,. values move the curves to lower compare our results with bulk yttrium barium copper oxide
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16 i — S — — Fo(H,T
dH(x)/dx=Jc(H,T) = ﬁ;(x)),

1)

whereB(x) is the local macroscopic flux density due to the
external field,x is the coordinate perpendicular to the slab,
andFp(H,T) is the pinning force density given by

. FP(H,T):V—;[U(H,T)+len(fl>], (2)

0

Tp (K)

where U(H,T) is the pinning depth potentialy, is the
flux bundle volume andd half the width of the pinning
potential well. The second term in E¢R) represents the

1 3 ] flux creep contribution. The flux bundM, for intergranular
h__(Oe) vortices is assumed to contain a single flux quantgnand
oL o ac, T ) the pinning sites are supposed to be located between the
0.01 0.1 1 corners of adjacent grains. _For granular mat(_arial a_lppr_o>_<i-
mated by a regular array of junctions and cubic grains it is
h ac (Oe) obtained®
FIG. 3. x’-peak temperatureTp, plotted as a function of _ 289‘1’0 3
log(h,9. The continuous line is a polynomial fitting, which yields b~ B(x)| ' ©)

h,.=5 Oe for Tp=0. Inset: the activation energ¥;, determined

from the slopes of the !inear fittings in Fig. 2, plotted as a functionwhereRg represents the average grain radius. The half width
of T]aC_The extripolatlon t0h,=0.02 Oe(~1 A/m rms, gives  § of the pinning potential is equated Ry. Inserting Eqgs(2)
Er (Ngc=0.02 Og=30 meV. and (3) into Eq. (1) and evaluating foH=0 andT=0 one

obtains
(YBCO), for which more detailed data is available. One in- U(0,0)
teresting prediction of the model is that larger shifts should Jc(0,0)r, = D, (4)
be observed with decreasing average grain size and critical Ry®o

current density at the intergrain junctiofisSince the con- \ here 3.(0,0)5, is the critical current density at the zero
nectivity of the weak link network in Ru-1222 is expected 10 gy iepalfield of a weak-link network with its connectivity

be affected by the Ru magnetization in the grains and th@gacted by the intrinsic Ru magnetization; we will return to
Ru-1222 average grain radi&~1 um is lower than those g point below.

reported for the YBCO sample-7-10 um), this compound Miiller?® showed that in the zero-field limiEq(Tp,h,.
is a suitable material to Verify this pOint. The five-times EO) = U(0,0) The procedure adopted in the studies of h|gh_
larger temperature shifATp due to a frequency variation, T, cuprates is to extrapolate tti& vs logarithimh, plot to
observed for Ru-1222 as compared with YBCOthe low-field region. Since the extrapolation to exactly
[ATH(YBCO)~ 0.4 K]?* for the sameAf interval confirms  h, =0 is not possible, due to the divergence of the logarith-
these predictions. It is worth mentioning thdt(0) for the  mic function, the usual practice is to takg.=1 A/m(rms
Ru-1222 bulk sample is reduced by a factor of four=0.02 Oe as a reference “low-field criteriof?;*?>which is
[AH"(0)ygco=20 Oe for f=1 kHz],?® also pointing to a close to our lowesh,. amplitude used. The extrapolation in
weak intergrain connectivity. The dense, well-connected miFig. 3 givesU(0,0)=30 meV. This value represents a 400-
crostructure observed in the SEM images indicates that thifpld decrease in comparison to YBCQU(0,0)ygco
poor intergranular coupling is not related to small contact=12 eV]. Using Eq.(4) with U(0,0)=30 meV we obtain
areas between the grains. Jc(0,0g,=110 A/cnt, a value six times lower in compari-

The shift inTp can be understood in terms of a frequencyson to YBCO?S It is important to notice that the decreasing
dependent effective pinning. As the frequency is increasedactor forJc(0,0), as determined from the frequency shift, is
the intergranular vortices have less time to creep into th&imilar to that forH™(0), which was obtained from thi,.
superconductor during each ac cycle. Then, in order to obtailependence of thg” peaks. The huge effect (0, 0) is due
the full penetration condition, a weaker intergranular pinningto a strong weakening in the connectivity of the intergranular
force density is needed to compensate for a less efficientetwork as a consequence of the Ru magnetization in the
creep. Since the pinning force density weakens with increasgrains. The impact od¢(0,0)g, is less intense due to the
ing temperature]p must increase with the rise in frequency. small average grain size.

For the calculation of the intergranular critical current The value oflc(0,0)g, can be calculated by an alternative
density the critical state equation for an infinite slab isapproach, still within the framework of the critical state
usedé?2? model. Equatior(1) can be written as
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Hy/2 kT  f signal. Therefore, the obtainel (0) provides a reliable
dH(X)/dXZ‘]C(O'T)|H(X)|_,_H0/2+Zqu) Inf—, (5 estimate, and confirms the validity of the critical state
o0 approach.

L Finally, we address the magnitude of the local field at the
where the dependence & on the local magnetic fieltl(X)  jntergranular junctions due to the Ru magnetizatibh,,

is modeled by a Kim-type envelope of the Fraunhofer patrhe yse of the critical state model, leading to a decreasing
terns associated to the distribution ofjun_ctlon qualities ',”thQ‘ieId profile in the ceramic as its center is approached, is
polycrystal. HereHo=®o/ oAy, Wherepy is the permeabil-  \3iig only if the external field is comparable iy, In the

ity of free space,A;=2Ry[2\ (T)] is the field-penetrated 556 whereh,. is much smaller tharg, its effect on the
junction area, and (T) is the intragrain London penetration connectivity of the weak link network is negligible, and no
length. Evaluating Eq(5) for the full penetration condition  amplitude dependence for the position of jepeaks would

of the bar by an external field at=0 and integrating, we pe observed. In other words, a largg, will result in a flat

obtain intrinsic field profile unaffected bl Magnetic fields of the
order of 600—700 Oe have been measured by muon spin
H2(0) a rotatior? and Gd-electron paramagnetic resondhae sites
" 2Hy0) H(0) +Jc(0,0)reu<§> =0, (6)  located near to the RuQayers. However, the dipolar field

rapidly decays with distance, and the local field at the junc-
] _ tions can be considerably smaller. Defects and imperfections
wherea is the thickness of the bar. _ in the region of the intergrain boundaries can locally affect
The use of Eq.(6) for the calculation ofJc(0,0ry  the magnetic order of the Ru moments, diminishing the ef-
requires the knowledge ok, (0). However, it must be fective field. An estimation ofHg, can be performed using
kept in mind that the intragrain London penetration lengththe value reported for the intergrain critical current in the
has some peculiarities in the ruthenate-cuprates. It hEﬁgomorphous nonferromagnetic Nb-1222 compound
been demonstrated for Ru-1222 that the intragrain superflui(:ijC nb=1545 A/cnt at T=5 K).X®> Assuming similar super-
density 1A, does not follow by far the linear correlation conducting properties, and keeping the Kim-type model to

with Tsc observed for homogeneous cupreieslso, it account for the dependence & with the local magnetic
was found that\| is very sensitive to the partial pressure field we can write

of oxygen during the final annealing, varying between

0.4pum (Tsc=40 K) and 1.8um (Tsc=17 K).® For Ru-1212, Je(Hexy T=0)ru=Jc(Hext=0,T=5 K)yp
samples with intragrain transition temperatures higher Hy/2

than 20 K show\, at 5 K as large as 2—-@m.2° Thus, X ,
there is considerable uncertainty in the choice of the appro- [HO) +Hrd + (Ho/2)

priate value of\_ to determineJc(0,0)g, in our sample  whereH(x) andHg, must be added, taking into account their
using Eq.(6). Instead, we look for a confirmation of the relative orientations. Evaluating E€7) for Hey=h.=0 and
validity of the critical state model by taking thi(0,0r,  taking A\ (0)=2.2 um, Ry=1um [giving Hy(0)=2.3 Od
value obtained from the frequency shift, and deri&0). and J-(0,0)g,=110 A/cnt, we obtainHg,= 15 Oe. An in-
Taking Jc(0,0)g,=110 A/cn?,Ry=1 um,H(0)=5 Oe, and  trinsic local field at the intergranular junctions of this mag-
a=1.7 mm, we obtained (0)=2.2 um, in good agreement nitude is large enough to greatly affect the connectivity of
with the valuen (5 K)=1.8 um reported for Ru-1222 ce- the network, but still leave it sensitive to the action of exter-
ramic with an intragrain transition temperatufgc=17 K  nal oscillating fields of a few Oersted.

(near to our value offgc=22 K) through the particle-size In summary, a detailed study of’(h,,f,T) curves in
dependence of the real part of the susceptitfililye remark  polycrystalline Ru-1222 allowed a quantitative characteriza-
that\ (0) is larger in comparison to YBCO and other opti- tion of the intergrain coupling in a ruthenate-cuprate. The
mally doped highF: cuprates, and comparable to the aver-intergranular pinning potential and the critical current den-
age grain size of Ru-1222. This should be related not only taity at zero field and temperature were determined. A critical
the underdoped character of the ruthenate-cuprates, as r&tate model, including flux creep effects, was found to prop-
vealed by Hall effect and thermopower measuremgttbut  erly describe the” behavior. The pinning potential showed a
also to a very distinctive feature of these compoundsvery strong decrease in comparison to the Higheuprates.
Both Ru-1212 and Ru-1222 exhibit structural domains ofThis is ascribed to the effects of the Ru magnetization in the
coherent rotated RuQoctahedra, separated by antiphasegrains on the connectivity of the weak link network, giving a
boundaries with local distortions and defetfBhis charac- local field at the junctions of about 15 Oe. The approach
teristic has been proposed to be the source of the strongelds a large value for the intragrain London penetration
intragrain granularity observed in these compounds, with théength, which matches with the strong intragrain granularity
boundaries acting as intragrain Josephson junctions betweeffects observed in Ru-1222.

the structural domain®. Within this scenario, the magnetic
field penetrates the grains not only through their crystallo-
graphic borders but also through the antiphase boundaries,
increasing the penetrated volume and leading to an enhanced This work was partially supported by CNPqg. S.G. was
effective\, and to a small and sometimes missing Meissnefinanced by FAPERJ.
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