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The transport critical currenl; in a polycrystalline superconductor is a hysteretic function of
applied magnetic fieltH, due to flux trapping by grains. This effect has been observed by several
groups and attempts have been made to calculate the intergranulaH fielsl a function of the
applied Hy in terms of an effective geometrical demagnetization fadibr In general a
first-principles calculation oD is very difficult, and furthermoreD is not constant but is itself a
hysteretic function oH,. We develop a self-consistent scheme to extracthend H; directly

from theJ.(H,) data itself. Our model exploits the fact that there are two field ranges for which the
demagnetizing field is a simple function bf,. At low virgin fields, in the Meissner state, the
susceptibility y,~ —1/4 is well defined, leading to a multiplicative correctiokt;=Hg/(1
+D4my,). For fields that have returned from high values, a complete critical state is established
and M is well defined—althougty, is unknown. This leads to an additive correctidth;=H,
—D4xM for the total field. By matchingl, data in increasing and decreasing fields that satisfy
these special cases, it is possible to extract the relevant parameters of the problem without detailed
knowledge of the demagnetization geometry. We use this model to analyze data measured on
sintered YBaCu;O; superconductive rods. @998 American Institute of Physics.
[S0021-89708)03824-9

I. INTRODUCTION field curves and data, it will always be assumed that the field

was increased from the virgifzero-field-cooleg condition.

The 'phenomena that govern thel critical current de_nS|ty One of the modefs® proposed to explain the hysteretic
Je, and its dependence on field are important aspects in thf invokes irreversible flux trapping within the grains ac-
field of high-T. superconductors, both from a fundamental™° iod by hvst is in d bpIng tizing field 9 t th .
standpoint as well as for applications. The field sensitivity ofcompanied by hysteresis in demagnetizing Tields at the grain

J is especially pronounced in bulk ceramic matefiatsere boundaries. Some qualitative features have been satisfacto-

it often shows a precipitous drop followed by a somewhatly €xplained in this way by the previous authors. Mune

18
gentler decrease at high fields. In addition it has been foun§t @~ and Navarro and_Campbthave used the mean-
in many investigatiods'’ that J is a bivalued function of value theorem and effective medium approaches to treat the

the applied fieldH,,. problem. One challenge in calculating the internal field is
Figure 1 shows our data on YBauO, ceramic rods that, in general, a first-principles calculation of the effective
illustrating the effect. The virgin curvécircles represents demagnetization factob, and the resultant demagnetizing
the field dependence dt when the Samp|e is cooled in zero field is very difficult. FurthermoreD is not constant but is
field to the desired temperature and the field is then increasdtelf a hysteretic function oH,, because of the changing
isothermally {H}). The field is taken to some turning value flux distributions within the grains.
H, after which it is decreased back to zero. The squares show In this article we explore the ideas of flux trapping and
data in decreasing field—((l)) for a turning field of 200 Oe. compression further and develop a self-consistent scheme for
Because of flux trapped within the grains the internal fiéJd  extractingD and H;. The scheme exploits a mathematical
at the grain boundaries is different for a given applied fieldsimplification in the demagnetization-correction equations
Hq, for the two field-change directions. The data shown bythat occurs for certain field conditions. This allows us to
the crosses are foH;=1000Oe. Because the amount of derive expressions for the true intrinsic field dependence of
trapped flux increases monotonically wikth, so does the the critical current) (H;) from the increasing-field.(H})
enhancement id;. The magnitude of the enhancement fi- and decreasing-field,(Hy) curves. Knowledge of the intrin-
nally saturates at some value of the turning fielg=Hs,  sic functionJ.(H;) is needed for understanding the underly-
when the grain is in a complete critical state. In the remainjng physical mechanisms which cause the field dependence
der of the discussion, whenever we talk about increasingf j_ across grain boundaries and weak links. As demon-
strated in previous work? it will be assumed that the self
dElectronic mail: kunchur@cosm.sc.edu field of the measuring current is negligible and that most of
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10° T T T lll. THEORETICAL MODEL

There are several ranges of the applied field over which
it is possible to derive simple expressions for the internal
field H; in terms of the applietH, and demagnetization, in a
way that provides useful information without requiring de-
tailed knowledge of actual demagnetizing factors or current-
g flow morphology. This approach seeks to derive the depen-
£ x x y denciesHi(Hg) and Hi(H(l)), of the internal field on the
. increasing (—|3) and decreasing I-((l)) applied fields, and
thereby understand the behavior §f{Hy) in a somewhat
guantitative manner without addressing the physical reasons
for the field dependence at the grain boundaries. The latter
has been attributed both to Josephson-junction weak?finks
as well as to regions of easy flux flé%at the grain bound-
| aries. Note that the actual local fieltty at various grain
o boundaries will all vary differently from each other. This
i o] 7 may cause the configuration of current pathways to change
a with field. A simplifying assumption made in this model is
) ° i that all the individual changes taking place on the micro-
scopic level need not be considered separately and that the
net behavior can be described in terms of the average mac-
to' > 5'0 1'0 > 1'5 . oo roscopic quantities, andH; .

There are two situations for which the demagnetizing
Ho (Oe) field is a simple function oH,. One is when the material

o o . has a known field-independent susceptibility, € const.),
FIG. 1. Hysteretic field dependence of the critical current denkitin a the other is when the maanetizatitdhis well defined. The
YBa,Cu;0, ceramic rod(sample A at 83.4 K. The circles show, in an g '

increasing applied field,, for a virgin (zero-field-coolel sample. The ~ F€Spective relations for those two cases are
squares show, as a function of the field as it is decreased after being taken .

up to a turning fieldH,; of 200 Oe. The crosses show decreasing-field data Hi=Ho/(1+D4my,) @)
for H,=1000 Oe. For a given value #f,, J. has a value that depends on and

the direction of field change as well as the value of the turning field. The

enhancement of, with increasingH; saturates abovel,=H,s, which is Hi=Hy—D4xM. (2)
900 Oe at this temperature.
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The first occurs in the Meissner state whiénis unknown

(becauseH; is not known but y, is well defined(—1/4).

The second occurs for fields at which the grains are com-
the flux trapping occurs within the grains and not by bulkpletely penetrated by flux and then the susceptibility is un-
screening currents. Also demagnetization effects due to théefined butM can be calculated from the Bedror othef*
overall sample shape are not considered h@iige measure- critical state models. These models give expressions for the
ments we analyze here were done on thin rods in parallélux density as a function of the depth from the surfé¢);
field for which the overall demagnetization is negligible any-the average magnetization is then obtained from the local
way.) quantity (4rM=B—H) by integration over the volume. In

the present work, we will tak® B(x)=Ho—H

—47Jx/c, in which linear profiles are assuméakcause of

the smallness of the grains this is a reasonable approxima-
Il. EXPERIMENTAL DETAILS tion) and the lower-critical-field termH ;) accounts for the

] reversible component dfl. Note thatD will differ for each

The samples were sintered rods of ¥Ba;0; made by  fie|q case since the flux distribution is not the same. We now
the oxide-precursors route. They are characterized by a Uniptain the explicit expressions for various field cases.
form fine grain structure and connected porosity, and are (1) For a sample cooled in zero fieldFC), as the field
relatively immune to microcracking. Their length is typically js injtially increased from zero the grains are in the Meissner
30 times the diamete0.7-0.9 mm), facilitating accurate  gtate and exclude flux completely causing excess flux to be
four-probe measurements. compressed into the intergranular spac&s?’ The flux-

The critical currents were measured by a pulsed fourgensity distribution within the grain is uniformly zero every-
probe method. The current pulses were 2 ms in duration withynere as shown in Fig. (8. Even for H; slightly above
a duty cycle of less than a percent. The contacts were 1 CH_,—although flux penetration has begun—most of the

apart and a 2uV criterion was used to defind;. Further  grain is still flux free so that the average susceptibility re-
information on the sample preparation and characterizationyains y, ~ — 1/47. From Eq.(1), we get

and on the measurement technique can be found in Refs. 7 .
and 20, and references therein. Hi=Hg/(1-Dy). ()
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Within the field rangeH ;<H;<H,—8wJ.R/c, for
H,>H.s, the magnetization is given by MM =—H
+4mJ;R/3c and the associated flux-density distribution is
shown in Fig. Zc). As for the previous field range, the mag-

(a) (b) netization can be conveniently split into two components: the
uniform plateau of valueil.; (demagnetizatio®,) and the
—l/\i—— H inverted cone of average valuerd.;R/3c (demagnetization

D,). Whence from Eq(2) the internal field is
Hi=H}+ D H¢ — Dy47JR/3c. (6)

(4) Finally, when the field is decreased well below
FIG. 2. Flux-density distributions inside a superconducting grain in an ex-H Cl_af_ter .haV”’.]g increased _aboms_only the remanent
ternal fieldH. In (a) a virgin increasing field less that,, is applied. In(b) magnetizatior{Fig. 2(d)] remains given by the well-known
a virgin fieldH>H* is applied so that the grain is completely penetrated by formula M = J;R/3c and the internal field is
flux. In (c) the field is cycled to a high valud >H, and reduced so as to

H,=H}—D,4mJ R/3c. 7)

trap flux. In(d) the field is now reduced to zero.
As explained earlier, one expects the demagnetization to
drop after crossing from field-range{Eq. (3)] to field-range
Thus the applied field is simply scaled by the factor2 [EQ. (4)]. Because of thisd; will vary rapidly with H, at
=1/(1-D,). Because the degree of flux exclusion is largesiower fields steepening the initidi(Ho) slope; after cross-
at low fields, one expects the demagnetization to be the largng over into field-range 2H; and thereforeJ. will vary
est for this field range. more slowly withHy. This may be partially responsible for
(2) Further on the increasing curve, flux begins to pen-the exaggerated initial drop id at low fields followed by

etrate the grains wheH,>H_; and they become fully pen- the more gradual decrease at higher fields observed by vari-
etrated wherH;=H*=H_+47J, R/c. For H;=H* the Ous authorg® The behavior is usually attributed to a destruc-

magnetization remains rough|y constant atrM= — Hcl tion of weak links at low fields, and a crossover to parallel,
—4mJ.RI3c (Ris an average effective grain radius ahg ~ more robust, conduction channels at higher fields. However,
is the intragranular critical current densitfhe flux-density ~ part of the change in behavior may be merely due to a
profile for this field regime is shown in Fig(l®. Note that change in the demagnetization rather than to a change in the
the magnetization can be regarded as the sum of two conflominant conduction channels. For decreasing fields, the de-
ponents: one is a uniform plateau of magnetizatiod;, ~ Magnetization does not undergo any abrupt changes and
the other is a cone shaped profile for which the average magk(Ho) ought to be a smooth function of the applied field.
netization iS_47TJCiR/3C. For the first homogeneous com- This distinction in the increasing- and decreasing-field cases
ponent, the demagnetization factor will be the previbys  is indeed borne out by the data in Fig. 1 represented by
for the inhomogeneous part, the demagnetization factor wilfircles and crosses, respectivelflso see, for example, Fig.
have a different valu®,. Because the second conical com- 1(a) of Ref. 26)
ponent is concentrated towards the center of the grain the
effective rad_lus of t_hat core is smaller_. This in effect in- V. ANALYSIS
creases the intergrain separation, lowering the extent of flux
compressionD, will therefore be smaller thaB;. In this The model presented above will now be used to analyze
field rangeM, and noty,, , is well defined andH; can thus be  the J.(H,) data in the following way: Take values ¢f/)
obtained from Eq(2) in terms ofD; andD: corresponding to certaid.'s on the increasing-field curve
ol and plot them against the corresponding valuell pbn the

Hi=Ho+ D1Her +DoAdmdeRISc. @ decreasing-field curvéconsidering only turning fiiilds that
The enhancement df; over Hg is smaller here than in the have exceeded the saturation va)uedich have the same
previous field ranggEq. (3)]. J.'s. The two sets of values should satisfy E¢(®). and (6)

(3) When H; is increased up to a certain valythe respectively, and presumably each point on the plot corre-
turning fieldH,) aboveH.; and decreased, a remanent mo-sponds to a pair of valuesHQ;,H})) which produce the same
ment is trapped. The moment becomes increasingly positivel;, sincel (H})=J.(H{) and we have assumed thhtis a
as the turning field is increased, the effect finally saturatingsingle-valued function oH;. From Eqs.(3) and (6) we ex-
at H,=H, with H,s given by® pect a linear relation betwedt), andH}:

H=Hc +8mI Rlc. (5) Hy=H}/(1-Dy)+(—DiHc + D47 R/3c). (8)

Hs is @ monotonically decreasing function of temperatureThe slope and the intercept together givg and D,, the
through its dependence dd.; and J.;. In fact from the effective demagnetization factors for tlhi% and H(l) cases.
known temperature dependenciesHyf;(T) andJ;(T) (af- The intercept's sign can be either positive or negative de-
ter suitable orientation averagingt is possible to calculate pending on the relative magnitudes db,H. and
that dependence and quantitatively compare it with the mead,47J;;R/3c. D, will depend somewhat on the sample’s
sured values oH,, at different temperatures. morphology: a more porous sample will have lower com-
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field for sample A. Circles shod, plotted against the raw values of applied
field. Increasing and decreasing field data are denoted by open and closed

. s . symbols, respectivelyT=77.3 K,H=5000 Oe, andH,s;=3000 Oe. Note
FIG. 3. Decreasing applied field) values plotted against the correspond- thath(HJJ) has the same slope as the intrinsic curve but is shifted to a larger

L : L i
ing increasing applied fieldH() values that have the sandg. Squares and extent compared Witkic(H%,). This is a consequence of the larger demag-

triangles represent data for samples A and B, respectively. Straight lines aré_,.” . - . . L -
; . ; tization for this fiel th th Itiplicat th tical
linear fits to the low field dataT=77.3K,H,=50000e, andH, netization for this field range combined wi e multiplicative mathematica

form of th tion.
=3000 Oe for both sets. orm ot fhe correction

Increasing field (Oe)

trinsicJ.(H;). This is evident in Fig. 4 wheréc(Hg) has the
same slope a3.(H,).
Finally, Eq. (5) estimates the saturation turning field

pression. In a given sample, temperature dependen&g of
will indicate how stable the configuration of dominant cur-

rent pathways is. Note that although E8) can, in principle, H,, in terms of the intrinsic parametek,, andJ,; (intra-

yitildblboth Dy 'an? D2, d‘?”'y Ithe er>]<tra|cted v?lue d})hl is granulard.). For both samples A and B, the measukgd's
reliable since it relates directly to the slope of E).without at the three temperatur€s7.3, 83.4, and 87.4 Kwvere about

any additional pgrameterﬁ)z, on the other .hand, depends 3000, 900, and 500 Oe, respectively, and the mean grain size
not only on the intercept, but on four additional parameterg, - cp-_ o 5um. UsingH,=600(1-T/T,) (from Ref. 30
. . c c .

(D1, H¢1, Jei, and R).  Fortunately, D,’s explicit value Eq. (5 yields J(T=77.3K)=4.5x 1 Alcm? J.(T
does not enter the calculation of the final quantities of inter-_ 83.4K)=1.3x 1(F A/'sz and J,(T=87.4 K')ZCIO_7
est that this model tries to extra@.g.,J;; andH,); for that ' o
only the entire intercept of Eq8) matters. Hence in the
remainder of the analysis we will not bother withy explic-
itly.

Figure 3 shows such a plot for data measured on twd/- CONCLUSION
samples af =77.3 K. Notice the linear relationship between In summary, a scheme is presented for analyzing hyster-
Hy and Hg at low fields, predicted by Eq®). From the  etic J (H,) data in a self-consistent way that allows the ex-
slopes we find thalD, =0.68 for sample A an®;,=0.71for  traction of three useful pieces of information: the effective
sample B, both roughly independetithin 5%) of tempera-  ayerage demagnetization factor, the intrinsic dependence of
ture (measured at 77.3, 83.4, and 87 4 Rhe intercepts are the overallJ, on the average intergranular field, and the in-
—60 and—35 Oe for the two samples, respectively, againiragranulard,;. These quantities in turn reflect the porosity
not changing muctiwithin 10%) with T. Thus we see that anq connectivity of the sample, the type of interface between
the current-flow morphology is relatively stable. At the high- grains, the dominant physical mechanisms governing inter-
est fields, the plots in Fig. 3 show a deviation from Iinearity.gr‘f;mmar conduction, and the quality of the grains them-
This is due to a crossover to field-insensitive current carryingelyes. Although we consider here only the hysteresik, jn
channels as discussed earlier. it is clear that the same model can be applied with some

From the measured slope 1KD;), and intercept mogdification to other hysteretic properties such \asH
(=D4H¢+D,47IR/3c), one can now use Eqe3) or (6)  characteristidgand microwave measurementsConduction
to obtain the average internal fiekti , and hence the intrin- i granular superconductors is of revived recent interest be-
sic field dependencé;(H;). Figure 4 shows such plots 8f  cause practical high temperature superconductor conductors
versus the corrected internal fieldi , as well asJ; versus being presently developge.g., BSCCO/Ag tapes or depos-

the rawHg and H values. One important conclusion that jted conductors on polycrystalline substratds not consist
arises from this analysis is thag(Hg) is closer to the intrin-  of single crystalline domains.

sicJ:(H;) thanJC(Hg), because of the much smaller demag-
netizing field in field range 3 governinlgg. However, be-
cause of the additive way in which E) convertsH(i) to
H;, JC(H%)) has an erroneous exponeht), on the other The authors would like to thank R. B. Flippen and
hand, is corrected multiplicatively in Eq3) and conse- D. K. Christen for useful discussions and proofreading
quentIch(H(T)) has the same power-law exponent as the in-of the manuscript. This work was supported in part by E. I.

x 10° Alcm?, which are in the range of expected intragranu-
lar values forJ. in YBa,CusO; at these temperatures.
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