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Nonlinear electrodynamics in granular YBa2Cu307.'

Measurements and models of complex permeability
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Measurements in ac and dc magnetic fields on a sintered rod of YBa2Cu307 at 77 K yield a
clear distinction between inter- and intragranular contributions to the complex harmonic permea-
bility P„p'„ip—„": two peaks in pI'(H„) are clearly observed. These data, together with
harmonic-power P, (H p) measurements, are found to be well explained by a modified critical-
state model, which, for fields 50 Oe, is dominated by intergranular critical currents
J( H)- Hi~, a steeper field dependence than the original Bean-Anderson-Kim modeL

High-temperature granular superconductors have a
complex microstructure, and bulk specimens are generally
supposed to consist of superconducting grains connected
via weak links, referred to as intra- and intergranular
components, respectively. Experimental evidence for this
viewpoint has come from such experiments as anomalous
ac magnetic susceptibility g„at low fields, '2 limited
transport critical current density J„3 nonresonant mi-
crowave absor tion, 4 and harmonic generation. s In our
earlier papers ' we proposed a zero-order model for har-
monic generation based on an ensemble of superconduct-
ing current loops or Josephson junctions, which approxi-
mately explained our data for powdered YBa2Cu307, but
did not include loss mechanisms or fluxon dynamics,
known to be significant. Miiller et al. s's and Ji et al. '

pointed out that harmonic generation and g„ in sintered
cylinders can be understood from the early and insightful
phenomenological model of Bean, " as extended by An-
derson and Kim' ("BAK" model). Here we report ex-
perimental data on harmonic generation and g„ in large
ac fields for a cylinder of YBa2Cu307, showing direct evi-
dence for simultaneous existence of inter- and intragranu-
lar supercurrents. '3 A modified critical-state model is
presented, which includes a stronger field dependence
J,(H) than the BAK model and which is in quantitative
agreement with all of our data for the intergranular com-
ponent and also with detailed measurement of g„by Kim
et al '4.

Experimental procedures As previou. sly described, a
sintered polycrystalline YBa2Cu307 cylindrical rod
(-3&20 mme) is closely wound with a copper wire "re-
ceiver" coil and subject to coaxial applied uniform mag-
netic fields H, (t) Hd, +H i cos(cot )+H,„(t) from
copper coils, all immersed in liquid N2 in a magnetically
shielded Dewar. The receiver coil (area A, N 135 turns)
generates a signal voltage V„(t) proportional to the time
derivative of the spatially averaged instantaneous induc-
tion field in the sample 8(t), which is expanded in a
Fourier series to give the signal voltage (Gaussian units)

V„(t) UNAHita/c]p, ttg [np,'sin(ntat)

—np„" cos(ntot )], (1)

where the bracketed term is the signal amplitude without
the sample, p,a is a geometrical filling factor, and the
Fourier components are the real and imaginary parts of a
complex ac permeability P„p„' ip„"—for the nth har-
monic; they are related to the ac susceptibility

g„g,' ig„"—by Pi I+4trgi, and P„4trg„ for all n & l.
Equation (1) is used to express, respectively, the separate
contributions of the intergranular permeability P, and the
intragranular permeability Ps, to the total signal voltage,
which is studied by two methods.

(i) For n 1, the sine and cosine signal components, Vi
and VI', are separately measured by a lock-in detector. In
Fig. 1, we plot pi cL'(VI/Hi) and pi'cx: (Vi'/Hi) vs

logioHi. These plots are crucial to our interpretations
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FIG. 1. (a), (b) Open circles: measured (Gaussian units) p&,t

vs H~ for YBa2Cu307 sintered rod (sample No. 2), Hp, -0,
T-77 K, f 85 Hz. Solid line: modified critical-state model
predictions with P 1.8 and Hp 3 Oe for intergranular com-
ponent p. Dashed line: model calculation for intragranular
component Ps (reduced by a factor of 3 for ps') using parame-
ters Ps 1.0, Hps 5 Oe, R~-10 pm. (c) Measured p,",, vs H~
for powdered YBaiCu30q (sample No. 4), Ha, 0, T 77 K,
f-85 Hz. The intergranular component is absent [cf. (a)l. (d)
Same as (a) but with Hp, 10.2 Oe.
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since they show, quite directly, the distinct inter- and in-
tragranular components.

(ii) For n 2, . . . , 10, the power spectrum P„
cc Hin [(p„') + (p„") 1 is recorded by an analog spec-
trum analyzer (HP3585A) and plotted versus Hd„as in

Figs. 2(a) and 2(c), using the periodic slow field scan
H~,„(t). All data presented in the paper were made using
the same sintered batch of YBazCu307 (Ref. 15), cooled
by immersion in liquid N2 with H, 0.

Modified critical-state model F. ollowing the two-
dimensional (2D) model of Clem '6 we assume a long bulk
cylinder sample of radius R, containing long supercon-
ducting grains of radius Rg and penetration depth A,g; the
remaining volume is considered to be the intergranular re-
gions, e.g., the barrier regions of Josephson junctions be-
tween grains, with penetration depth A,J. We typically
consider Rg & A,g and XJ»A, g to get an effective medium
model. A parallel field H, (t, r R) Hd, +Hi cos(rot) is
applied at the surface. For H, & H, ~J-1 Oe, it is ener-

getically favorable for vortices to enter the intergranular
space, and form an array, resulting in a nearly uniform in-

tergranular local magnetic field H(r) to a depth depen-
dent on the maximum (i.e., critical) transport current
density J, that the sample can support, which we assume
to have the general form (Gaussian units)

C

(iHi+H, )i' ' (2)

dH ~ 4mJ (H)
r c

(3)

where a', Ho, and P are parameters to be determined by
the data. Here a(H) —=c'/(~H~+Ho)S ' is the vortex pin-

ning force density introduced by Anderson and Kim, '2

who assumed P l. Bean's simplifying assumption" that
the sample shielding current density J would be either
zero in regions which have not yet been exposed to mag-
netic flux, or else +' J,(H) in regions which have been

subjected to an electromotive force induced by the motion

of flux vortices, leads to the critical-state equation

(a) H, =13.50e . (b) H, =13.50e
Equations (2) and (3) are solved to find H(r), and with

H, (t), to find H(r, t), 0 & r & R, 0 & t & 2x/ru Fro.m this

we calculate an analytical expression for the spatial aver-

age induction field in the sample

fR
8(r) is ff(rrR ) ' H(r, t)2rrr dr .

From a discrete time series (N 2048) of the time deriva-

tive of this expression we used a fast Fourier transform to
compute the Fourier components p„' and p„" in Eq. (1) as
functions of the experimentally known parameters

(Hd„Hi, R) and of those to be fitted by the data
(a', HO, P). However, the model yields a relationship

a'-((H, +H')s+' —H',"j/(4~(P+1)RI,

(~) H, =4.50e (d) H, =4.50e
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FIG. 2. (a) Measured harmonic power P(nf) vs Hq, for

YBa2Cui07 sintered rod (sample No. 1). T 77 K, H& 13.5
Oe, and f 10.5 kHz. Vertical scale division equals 10 dB. (h)
Modified critical-state model predictions with p 1.8, Ho 3

Oe. (c) Same as (a) except H~ 4.5 Oe. (d) Solid lines: Same
as (h), except H~ 4.5 Oe; for n 10 the dashed line is that pre-

dicted for p 1, and does not fit the data.

where H is the external field value at which the flux

front just reaches r 0; this corresponds to a maximum of
p"(Hi) at H~~H which is readily measured experi-
mentally, leaving only two independent parameters, P and

Ho, to be selected by fitting the computed p to the data
for the intergranular component. For sufficiently large H,
the intergranular space becomes fully penetrated by
vortices and p' @dr, p" 0. For still larger fields,

H, & H, ig, vortices penetrate the grains, and a similar and

separate calculation is made to compute pg for the in-

tragranular regions, using a different set of parameters

p s'g Rg ag, Hog, Pg. For experiments reported here it is

a good approximation to take the total permeability

stot P+gg.
Results and interpretation One of our o.bjectives is

unambiguous experimental evidence for the existence of
both inter- and intragranular contributions to P„i, and to
measure the corresponding critical currents J,(H)
without resorting to the difficulties of assumed tempera-
ture dependences, which complicate the interpretation of
g„versus temperature data. ' 's This is achieved in Fig.
1(a), measured values of pi' vs log~OH i over a wide range
0.1&Hi&400 Oe at f 85 Hz, T 77 K, Hd, 0. Ac-

cording to the above model p"(H~) shows a peak when
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Hi H . We observe two peaks, the lower one at
Hi 15 Oe and the much higher one at Hi -250 Qe,
which we ascribe to inter- and intragranular contribu-
tions, respectively. The lower peak was found to be in-
dependent of frequency in the range 85-10 Hz, but ap-
paratus limitations of Hi ~

at high frequencies did not al-
low a similar conclusion for the high peak. Figure 1(b) is
a plot of iu' vs logioH i which also shows, but less distinct-
ly, two components: (i) the flat plateau region 15&Hi
& 80 Oe, due to full vortex penetration of the intergranu-
lar component, corresponds to pi', i 0.17 which we take to
be p, ff for this component; (ii) a steeply rising second re-
gion which does not reach a plateau (corresponding to
ps pi, t) owing to insufficient H~ field availability.
Next, the same YBa2Cu307 sintered bar material was
ground in an agate mortar to a fine powder (sample No.
3); optical microscope examination showed grains of sizes
1 &Rs &60 pm, with rough average Rs-10 pm. To fur-
ther isolate the grains, one volume of this powder was
mixed with one volume of 1 pm grit A1203 powder and
one volume of 0.1 pm grit A1203 powder (sample No. 4).
Both powder samples display similar behavior. The data
in Fig. 1(c) for sample 4, p" vs logioHi, show essentially
no evidence for the lower peak, although the high peak at
H~ 250 Qe remains, and is ascribed to the collective in-
tragranular supercurrents within individual grains. We
conclude that powdered samples do not allow significant
circular shielding currents on the scale of R, but only on
the scale of Rs, thus invalidating the above critical-state
model for the intergranular component.

To select the best-fitting values of p and Ho for the in-
tergranular component it was found useful to take addi-
tional measurements of P vs logioHi for the sintered rod
sample for various values of Hd, . In Fig. 1(d), for
Hd, 10.2 Oe, the low field p" peak splits into two, at 7.5
and at 25 Qe (=Hd, +H*). For the parameter values

p 1.8~0.2 and Ho 3~1 Oe our model gives quite
reasonable predictions for p' and p" shown as solid lines in
Figs. 1(a)-1(d). These parameters corres ond to
c'=600, to a pinning force density a 250 Oe cm, and
to a critical current density J, (H H /2) 80 A/cm2,
which decreases as J,(H)-H 's. The original Bean
model predicts J, cH /4trR 78 A/cm2 (independent
of H). We conclude that in the region 0 & H, & 50 Oe,
Pi,t is dominated by the intergranular component.

To further test the model for a sintered rod from the
same batch we measured the harmonic power spectrum
P„(Hd, ) shown in Fig. 2(a) for Hi 13.5 Oe and in Fig.
2(c) for H i 4.5 Oe, obtained by slowly scanning—25 ~ Hd, ~ 25 Oe. After several scan cycles, P„(Hd, )
shows very reproducible dips with a small hysteresis. For
Hp, -0 only odd harmonics are observed; even a very
small dc field (Hd, ) 10 Oe) breaks the symmetry and
all harmonics are then observed; this is explicable by the
zero-order model6 and the BAK model. ' However, the
detailed shapes of P„(Hd, ) have not previously been satis-
factorily explained. The solid lines in Figs. 2(b) and 2(d)
show the predicted results from our modified critical-state
model using the same parameters for the intergranular
component as for Fig. l. All features are rather well ex-
plained (except for the small hysteresis which requires a

further modification of our model). We find that P„(Hd, )
is quite sensitive to J,(H): in Fig. 2(d), n =10, the dashed
line is predicted by changing P 1.8 to P 1, correspond-
ing to the BAK model; ' it fails to explain the two dips
at Hd, ~20 Oe. In fact, it fails to predict any power
dips for Hd, )H~, but these are observed in Fig. 2(c).
More generally, the parameter p 1 systematically fails
to explain detailed data for g„ for the same sintered sam-
ple, which require p= 2 in the model. ' We measured the
dependence of P„on Hi for odd harmonics at Hd, =0,
finding this behavior: P„(Hi ) a:H i for n 3,5 for
2 & H~ & 10 Qe; at Hi =H 13.5 Oe saturation begins,
and a plot of P„(Hi) becomes flat for 22 & H~ & 36 Oe,
the maximum available field at 10.5 kHz. For higher har-
monics (n 13,15) kinks in P„(H i ) develop for
15&Hi &30 Oe, and saturate at higher fields. This
overall behavior is predicted by the above intergranular
modeL

Turning now to modeling the intragranular component

Ps for the sintered rod sample No. 2, the dashed lines in
Figs. 1(a)-l(d) represent that predicted by the above
model with Parameters Ps 1, Hos 5 Oe, P,ffg 1

jl ff 0.83; this value of p,ffs is to be expected for the
density of our sample. ' The predicted values of ps have
been reduced by a factor of 3 to better compare the shapes
to the data. Using the well-measured value Hs 250 Oe
and the rough value Rs 10 pm, the parameters corre-
spond to a pinning force density a 2x 10s Oe2cm and a
critical current density J,(Hs/2I 2x10 A/cm . We
have no simple explanation of why the predicted ps(H|)
shows a sharper and higher peak than the data, but note
that the actual grains are not long thin cylinders, as the
2D model assumes, but rather more cubical in propor-
tions, and are randomly oriented and anisotropic, a prob-
lem too complex to treat here.

Powdered samples. Samples No. 3 and No. 4 yield har-
monic power spectra P„(Hd, ) closely resembling that re-
ported earlier ' for a different powdered sample: a
smooth, featureless set of almost periodic dips spaced by
LUEd, =Hi/n, not explicable, nor expected to be, by the
above modified critical-state model for the intergranular
component. We observe P„(H|)~Hi 5, and very little
saturation, in sharp contrast to that for sintered rods. For
Hi 13.5 Oe, Pi for the powder sample (No. 1) is 32 dB
less than that for the sintered rod; however, P~5 is greater
by 17 dB than the rod's. We found that the above
critical-state model and parameters for the intragranular
component would not fit the harmonic power data, but by
assuming Ho=30 to 100 Oe and arbitrarily setting
p„"« p„', we were able to obtain a moderate 6t. Neverthe-
less, the origin of the harmonic spectra for powders
remains unclear and could possibly be due to a third re-
gion, inside the grains, e.g., twin boundaries, easily
penetrated by low fields.

We have shown, for both Pi(H|) and harmonic power
measurements, P„(Hd, ) for a sintered cylinder of
YBa2Cu307, that the behavior is quantitatively described
by a modified intergranular critical-state model in which
J,(H) —H, for H & 50 Oe For H )100.Oe the behav-
ior is dominated by intragranular effects, less well under-
stood.
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