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Magnetic flux profiles in Bi; ;P 5Sr; sCa,Cuz0, and NdBa,Cuz0;_ 5 superconductors
and a simulation by critical-state models
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The features of the flux profiles recorded for the sintered and press-sintefgBbfSr sCaCu0,
(BSCCO, and sintered and melt-textured NdgBa,O;_s (NdBCO) superconducting samples with widely
different microstructures are analyzed. From the slope of the flux prdéité$,.— 0) recorded for various dc
fields, the intergranulal; (Hy) for the BSCCO samples is determined, whose field dependence is found to
follow Kim’'s model. Using the fit parameters thus obtained, the flux profiles for differeptcould be
simulated very well including features like nonlinearity at low fields, the presence of a peak, and the oscillatory
behavior. The flux profile of the sintered NdBCO recorded with Zéggcould also be simulated well using
Kim’s critical-state model. An analysis of the intragranular flux profile determined from the measured profile
at high fields suggests a wide distributiont} , (the full penetration field of the grajirand thereby of the
Jeg- This result is in agreement with the broad transition observed in the ac susceptibility of this sample,
attributed to the presence of Nd.Ba, ,Cu;0;_ s precipitates that modify the locdl, values drastically. All
the sintered specimen show nearly 45% of flux penetrafioto the sample at low enough fields
(Hg4c<40 Oe), while the flux entry into the melt-textured NdBCO<i8%. At high dc field§4—8 KOg¢ the
profile exhibits two distinct slopes that are associated with a flux entry initially into the microcracks and then
into the grains, from the microstructural consideratidi®0163-18207)06941-3

INTRODUCTION comparison is made between IoW- superconductors and
The granular nature of high-temperature superconductors In the present study the magnetic flux profiles have been
(HTSC'9 is well studied by ac-magnetic-susceptibility measured for the sintered and press-sintered BSCCO, sin-
measurements'?to assess the contributions from the inter-tered and melt-textured NdBCO. The features observed in
grain and intragrain regions with widely differing critical the profiles are examined in the light of the corresponding
current densities.; andJ.,, respectively, and are analyzed microstructures gnd possmle correlation _qf the results to the
using critical-state modeié.‘m The nature and density of hature of weak links is proposed. The critical current densi-

weak links associated with the coupling between the grainges are determined and their field dependence is analyzed in

can drastically be modified by melt texturing the HTSC's asteMs of critical-state models.

is evidenced from their microstructures. However, a clear
correlation is yet to be established between the weak-link
properties and the microstructures of HTSC’s. In an attempt A. Sample details

tq contribute in this direction, magnetic flux profiles of  +ha four samples used in the present study are sintered
Biy Py sSn CaCLO, (BSCCO and NdBaCuO; ; Bi; PhysSn CaCwO, (sample A, press-sintered
(NdB(_:O) superconductors _W|th widely different microstruc- Bi; Phy 551 CaCU;0, (sample B, sintered NdBgCw0;
tures is taken up for a detailed study. CampBeiliggested a (sample @, and melt-textured NdB&u,O,_s with 15
sensitive and versatile method that uses a phase-sensitive 4gp|. o5 Nd,Ba,Cu,0;, (sample D.

tector to measure the flux distribution and to determine Samples A and B were prepared from citrate precursors
model-independent], in type-ll superconductors. This and the details of sample preparation, x-ray diffraction
method can be used to assesslhef a material in a dc-field (XRD), and microstructural studies have been reported in
regime that is not accessible to transport meth§adi Refs. 22 and 7. The zero resistivity temperatures are 106.4
et al!® used this method to measutg andJ.q for a sintered  and 105.9 K, respectively. The XRD results showed textur-
YBa,Cu;0;_ ;5 superconductor at 77 K, while Dareg al?®  ing along thec axis of the unit cell in the press-sintered
have determinedJ.y and the pinning strength of sample. The scanning electron microgragB&EM) of the

Bi; Py sSrCaCu0, . The pinning parameters likk,, re-  fractured surface showed sample A to be highly porous,
versible penetration deptt’ of a pinned flux lattice, and the while the porosity was reduced on press sintering. The aver-
reversible displacemerd, which is the distance flux can age size of the grains, which is5 um in sample A, gets
move before being unpinned have been determined fromeduced to~1 um in sample B. The porosity is determined
magnetic flux profile measurements bypteret al?> and a  to be 50 and 15% for samples A and B, respectively.

EXPERIMENT
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0.1 perature variation of the ac susceptibility shows that the
Sample C wo—sco  (O) diamagnetic transition is very sharp confirming the suppres-
~0.1 o sion of solid solubility, and no traces of weak links.
—0.3 1 B. Magnetic flux profile measurements
- o5 4 oo fe=0 01 e The magnetic flux profiles are measured using the ac in-
~ ooooo Hio=2.27 Oe ductive method, proposed by Campbélac (33 Hz) and dc
-0.7 o ﬂg;iég;g oS¢ fields are applied along the length of the sample placed in
- maczigg 82 one of the secondaries of a mutual inductance assembly. In
-0.9 »xxwr Ho=56.6 Oe general, ac field amplitudes are sufficiently small so fhas
AHrss H,.=68.0 Oe independent of the field over the amplitude of the ac signal.
-1 ' ' ' : The in-phase signalS) which is a measure of the magneti-
013 (b) zation at maximunH,., is measured as a function of the
amplitude of the ac field at 77 K for all the samples. This is
repeated at various fixed dc fields. The flux penetration (
008 L into a sample of radiusR) can be calculated as a function of
. ac field amplitude at various constant dc fields using the
= equation
0.03 | ( [-1 dS)
p=R-r=R|1 K dH.y’ 1)
0.02 , , | l whereK is calibration constant which differs from that in
75 80 85 90 95 100 Campbell’'s method. The above equation is derived to ac-
T(K> count for the present configuration where the resultant volt-

age from the two secondaries is adjusted to be nullified in the

FIG. 1. Temperature dependence of thereal part ;) and(b)  gpsence of a sample rather than with the sample in the
imaginary part §7) of the fundamental susceptibility for sintered Meissner state.

NdBa,Cu;0;_ s (sample @ for different ac fields at 77 K.
sample C is the sintered NAB2LO (NdBCO) C. Calibration of the penetration depth
-5 . o ,

Presintered NdB£u,0,_s powder was made into a pellet When the s_ample is in one of the secor_1dary CO|_I$, th_e
and held at 980 °C for 12 h in the reduced oxygen partiaPutput of a pair of secondaries connected in opposition is
pressures to suppress the formation of solid solutions of typ@!vVen by?*
Nd;.Ba,_,Cu0O;_ 5. Closely packed grains of size dM(6)
~15 um are seen in the SEM. Porosity is estimated to be woaNVaw(1-D) ,
<5%. Zero resistivity temperature is 91 K. Temperature do

variation ofx; (real component of ac susceptibilitghowed  \yhereN is the number of turns per unit length of the sec-
[Fig. 1(a)] a broad diamagnetic transition, indicative of a ondary coil,V is the volume of the sample is the angular
distribution of T.'s in the sample. In addition to the inter- frequency of the applied ac field is the demagnetization
granular loss peak se¢Rig. 1(b)] in the temperature varia- factor of the sampleg is the filling factor?” andM () is the
tion of x; at low ac fields, an intragranular loss peak ap-magnetization at a phase anglith respect to that of the ac
peared at h|gher fields which is also found to Sh|ft, Unusua”)ﬁe|d_ The in_phase Signa@ measured by the lock-in am-
to low temperatures as the ac field is increased to a few tengjifier in flat band mode is given bys=KM, where

of oersteads. This suggests that the giifs also consider- k=4, aNVf(1-D) is the calibration factor which is a

ably field dependent. Even though the XRD has shown gneasure of the signal per gauss when the sample is in the
nearly single phase formation, there seems to be solid solygeissner state.

tions of Nd ,,Ba_,CuO;_s present at lower concentra-
tions which would bring down th& . of a region locally.
This can cause a wide distribution af, resulting in the
broad transition seen. The fact that solid solutions of A. Flux profiles
Nd,; ;\Ba _,Cus0;_s (Ref. 23 can haveT.’s ranging from
92 to 25 K withx supports this picture.

Processing and the microstructural details of melt- The magnetic flux profiles measured at 77 K in all the
textured sample D are given elsewhé&téhe sample con- four samples with no external dc field are shown in Fig. 2. In
sists of domains of size 7-8 mm, without any liquid phasethe case of sintered BSCO®ample A, the normalized pen-
segregation at the boundaries. The domains are observed gtation depth |§/R) increases nonlinearly with field and
contain Nd-123 platelets of average size 2rb separated by shows a peaklike structure at 8 Oe, which is the fiéldl ) at
cracks of average width 0.2m and fine uniformly distrib-  which full penetration of flux takes place into the intergranu-
uted N@Ba,Cw,0;4 (422 inclusions. Zero resistivity tem- lar region. The penetration remains constanp’atbetween
perature is 92.5 K with the transition width of 0.9 K. Tem- 10 and 30 Oe, the lower critical field of the graind ).

RESULTS AND DISCUSSION

1. Profiles with Hy.=0



1279

57 MAGNETIC FLUX PROFILES N.. ..
100 T 57 K 40
22222 ggmg:g é H - O O 0coo0o0o0 Hdc:O Oe T = 77 K
saass Sample C de= e sooas Hy=4 Qe . Sample A
80 00000 Sample D A 48882 Hdc:8~4 Oe a
a 00000 H. =126 Qe p®
¢ 5, y

4 . %oa

o~ o a © n

O 60§ N

®) g a 4 o o

\'6 <<>> a OO B

o} ¢ a ° B

I 40_8 a ° OO g

a 5]

8 ° g

¢ s ° 2

$ A > o

20_8 Q%WQE
0
0
DQDUD@DDQFU%]DO oo o®
0 T | T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 : |
p/R 0.0 : 0.2 0.3 04 05 0.6
o/R

FIG. 2. Magnetic flux profilegqH,. versusp/R) for sintered
BSCCO (sample A, press-sintered BSCCGample B, sintered
NdBCO (sample @, and melt-textured NdBC@sample D in the
absence of dc field.

FIG. 3. Flux profiles in sintered BpPh, 551, sCaCus0, (sample
A) at various dc fields and at 77 K. Solid lines are a simulation of

Kim’s critical-state model.

Above H the flux starts penetrating into the arains in thetUde' Moreover, there are no two distinct slopes as in the
clg S penetrating grair case of the three sintered samples indicating the absence of
form of Abrikosov vortices. This picture of step-wise flux . .
: o : 28 : predominant granularity.
penetration was visualized by Koblisch&gal=° in granular

Y.BaZCugOFg using the high-resolution Faraday effect t_ech- 2. Profiles with Hy.#0

nigue. For a granular sample, the effectip&/R value is . . ]

related to the grain fraction throud=(1— p*/R)2. In Fig. The intergranular properties have been studied by super-
imposing an ac field on various fixed dc fields. Figures 3 and

2, from the vertical asymptotic line gi*/R=0.33, fg is

estimated to be 0.45 and is quite comparable to the 5004 show the effect of applying different dc fields on the flux
profiles in the sintered and press-sintered BSCCO. For the

porosity observed in the microstructure. X . ,
The flux profile in press-sintered BSCO@ample B is sintered ondsample A at low ac fields, the flux profiles are
nearly linear at low fields, suggesting a weaker field depenl_inear with_their slope reducing as the _dc field is inc_rea_sed.

dence ofJ,. The peaklike structure is less pronounced andVNenHa. is comparable tdHgc, an oscillatory behavior is

the penetration remains constant up to the maximum ac field

applied(80 Oe. Full penetration for intergranular region oc- 50

curred at 11 Oe and the vertical asymptotic line at ceeoe Hye=0 Oe T =77K
p*/R=0.41, gives a value of 0.35 fdr,. Though the mi- T H:ig‘feoe Sample B
crostructure shows only 15% porosisuggesting ;=0.85), 4oﬂ 00000 Hdzz 12.6 Oe

the measured, of 0.35 has its origin in an increase in the ——— Model Fit

effective volume of flux penetration into the intergranular

region which is a result of the smaller size {m) of the o 30

grains on press sintering, compared to sample A with grains@/

of 5 um. The enhancement in the apparent lower critical
field H¢y4 value (>80 Oe) on press sintering is probably due 3
to the surface barrier effect discussed by Bean and L
Livingston?®
In the case of sintered NdBC@ample ¢, magnetic flux

has penetrated up to the center of the sample through the 104
intergranular region for 4 Oe and the flux profile is nonlinear.
The value offy is 0.8 as estimated from the observed

p*/R=0.11. This is consistent with the volume fraction of 0 e :
the grain region estimated from the optical micrographs, 00 o1 0.7 0 0.4 05
which showed that 85% of the sample is occupied by the Q/R

grains of nearly equal size{15 um) separated by relatively
smaller interface regions. FIG. 4. Flux profiles in press-sintered ;BPh, sSr; <CaCu;0,

Melt processing has enormously reduced the rate of fluxsample B at various dc fields and at 77 K. Solid lines are a simu-
penetration into the sample with respect to the field ampli{ation of Kim’s critical-state model.
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. o FIG. 6. Flux profiles in melt-textured NdBC@ample D at
FIG. 5. Flux profiles in sintered NdB&wO;_; (sample G at  y41ioys dc fields and at 77 K. Arrow mark shows the crossover of
various dc fields and at 77 K. two distinct slopes. The inset shows the field dependence of critical
current density.

seen in th? flux _prpflles. Thg press-smtered.(xmnple B. the flux penetrateld-igs. 2c) and 2d) in Ref. 3Q the sample
also exhibits a similar behavior but the amplitude of oscilla- . . !
tion is less. preferentially along the cracks and then into the matrix.
Figure 5 shows the magnetic flux penetrgtion into thg sin- B. Determination of critical current density (J.)
tered NdBCQ(sample ¢ in the presence of different dc-field ] . .
strengths. Normalized penetratiop/R) has reached a value 1 ne slope of the flux profiles near the origin in the linear
of 1 for Hg=1 KOe indicating the flux penetration to be regime is d|rectly related tq the critical current densityof
complete into the entire sample including the grains. By in-Nat region and is model independent. Figure 7 shows the
creasing the dc field further, the slope of the flux profiles haé'e!d %ependence 0f; for samples A and B calculated
reduced, indicating a strong field dependencel gf of the
grains, which reflected as a shift in the intragranular loss dH,. 1—f,
Fedak inx1(T) curves with an increase in the ac-field ampli- ‘]ci:d(p/R) = 2
ude.
Flux penetration into the melt-processed NdBCO with
422 inclusions(sample D is shown in Fig. 6. SEM of the
sample showed that cracks with an average size ofud2 j
separate the platelefgraing of size 2.5um and are uniform 80
and not continuous. Since the density of cracks and the pin-
ning centerg422 particley are rather uniform as seen from
the microstructure, the flux penetration is expected to be lin- ¢ 604
ear and pass through the origin, based on Béawmistical- >~
state model. But the measured flux profiles exhibit a shift ~
along thep/R axis which represents the “reversible penetra- 5
tion depth.”'"?L A detailed work on the variation of this ~ ~ 407
parameter in melt-textured samples with varying concentra-
tion of pinning centerg422 inclusiony and the nature of
microcracks will be reported elsewhere. At large dc fields, ZOT >
p/R has reached a value of 0.15 at 8 KOe field and the
profile is found to have two distinct slopes at high dc fields.
The first slope can be associated witld acorresponding to
the flux penetration into the specimen through the cracks, °% 5 10
while the second is associated with theof the grains them- edC(Oe)
selves which is much larger as indicated by the smaller ex-
tent of penetration at large ac fields. This picture is supported FIG. 7. Field variation of intergranulaly; determined from the

by the high-resolution Faraday measurements of Schustéihear regime of flux profiles for samples A and B. Solid line is a fit
et al*° on melt-processed YB&U,O,_ 5 which indicate that to the equation).;=K/(Hgc+ Ho).

100

00000 Sample A
0oooo Sample B

1 |
15 20
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J.i determined for the sintered BSCCO is smaller and shows 15

greater field dependence than for the press-sintered BSCC( Hee=0 Oe ¢ Sample C
and is found to vary ad.;(HgyJ =K/(H4+Hg) for both the b
above samples with fit parameteks=3.58< 10° AZm®, ~* °
Ho=450 A/m for sample A andK=4.67x10° A?m°, H, £ 1 o
=5010 A/m for sample B. Simulation of the measured pro- § I ?

files using the critical-state model is discussed in the next
section.

The bulkJ. values of the melt-textured NdBC@ample
D) are calculated for different dc fields from the flux profiles
using the formulal.=[dH,./d(p/R)]/R, at low ac fields,
and they vary as shown in the inset of Fig. 6 wih..

For sample CJ.;,Jq are arrived at from a theoretical
simulation of the measured data as described below, instea
of recording a large number of profiles at differehg.

C. Theoretical model calculations

0.20

We have presented here the calculation of the flux profiles
of an infinitely long cylinder with radiu® of type-Il super-
conductors exposed to an external fieltH=Hg
+H,. cos(t) along the axis of the cylinder, based on Kim’s
critical-state model. We denote the maximum and minimu
values ofH by Hy=Hy.+H.andHg=Hy,—H,.. The av-
erage flux density(H) in the sample can be calculated as

FIG. 8. Simulation of the measured flux profile in the absence of
dc field for sintered NdBCQsample @ of Kim’'s critical-state
Mhodel. The inset shows the field variationJyf calculated from the
fit parameters oK andH,.

2 (R Ho=118 A/m, and this comes from the intergranular region.
B(H):QJ XB;(x)dx, The J.i{(Hyo calculated with the above fit parameters is
0 shown as an inset in Fig. 8.
Since the slope of the profiles at large dc fields reduces
with the field, it is necessary to invoke a field dependence for
J.q as well for a complete theoretical analysis. For this pur-
p:R(l— \/1_ “Cd[B(HA)_B(HB)]) pogse, the flux profile into the grains is extracted from the
2podHac global flux profile usingpy/Ry=1- (1-p/R)/(1-p*/R),
where pg is the extent of penetration into the grain and is
shown in Fig. 9. The dashed line is a fit to Kim's critical-
state model taking the grain radiuRy) to be 7.5um and
can be seen to deviate considerably from the measured pro-
file. Considering this deviation to be due to a local distribu-
tion in J.y due to the presence of Nd,Ba, ,CusO; 5
ep'recipitates in the graindthat were also responsible
for a broadery;(T) transition, Fig. 1a)] a Gaussian distri-
bution described by the function  f(J¢)
=A exp(— (Jeg— Jcjo)’/2A%) is invoked.(Here A is a nor-
malization constant]) 4, is the mode of the distribution in

these, the entire region of flux profiles including the featureﬁhe critical current density,.) that represents the average
like the nonlinearity, the peak, and the oscillatory behaviorvalue andA is the half wti}tljthg at half rrl?aximanThe raing
could be very well simulated as shown in Figs. 3 and 4 as ' g

solid lines. The larged,;, the less pronounced peak, and theprOfiIe thus calpulgteq using Kim’s critical—sta(t)g m°d§' Is
near linearity of the flux profiles for sample B indicate thatshOWn as a solid line in Fig. 9. Fdlgo=1.85<10° Alcm

— 2 H
the coupling between the grains has been strengthened co UgvAv_vitlﬁetf] 1?:] A/ crr: ' dthf fﬁgree?t()a nt ofntrt\e t;[h?/orretmal d
pared to that in the sintered sample. The oscillatory behavi urve € measured profile can be seen 1o be very good.

seen wherH, is comparable td4,, is due to the effective he inset in Fig. 9 shows the expected field dependence of

o : . . .iqihe average intragranuldgy, calculated using the fit param-
magnetic field becoming zero at some local regions mSIdé_tersK=5.l>< 101 A2m® and Ho=27 760 A/m for the in-

the sample where the screening could be better and effe :

tively J. is higher than in zerdd 4. ragranular region.
For the sintered NdBCQsample @, the flux profiles

shoyv_n in Fig. 5 are nonIinear_in the absence of a dc field and CONCLUSIONS

exhibit a complete penetration of flux even through the

grains atH4.=1 KOe as indicated bp/R=1. The solid line The flux profiles(H 5 versusp/R) in sintered BSCCO and

in Fig. 8 shows that the profile a1 4=0 fits quite well to  NdBCO samples exhibit a nonlinear curve at very low fields

Kim’s critical-state model withk=3.9x10" A?m°, and followed by a peaklike structure at full penetration fi¢id

whereB;(x) is local flux density. The penetration depth

is calculated for the three cases namely forl@,<H,,
H*<H,, andH,<H,<H*, whereH, is the full penetra-
tion field andH* is the field at which reverse supercurrent
penetrates to the center of the specimen befbris cycled
back to zero. Whemd 4. has a nonzero value, each of these
cases is further classified into several different cases, d
pending on the magnitude ¢fg. The detailed calculations
for B(H) in all possible cases are given in Ref. 31. By taking
the same fit parameters given in the previous secpdR,is
calculated as a function dfl .. for samples A and B. Using
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100 netic flux.J.(J4o) has been determined from the slope of the
flux profile in the linear regime and is found to vary as
K/(Hg.tHp). Using the fit parameterd andHg of Kim's
critical-state model, all the features of flux profiles observed
experimentally could be very well simulated.
The sintered NdBCO sample with a broad susceptibility
transition due to Ng, ,Ba, ,CusO,_5 precipitates is found
to show complete penetration into the intergrain region at
H,—~=4 Oe with Hy,.=00e and into even the grains at
Hac~50 Oe withH4=1 KOe. The grain fractiorf calcu-
lated from the flux profile is consistent with the estimated
grain fraction from optical micrographs. Both the intergranu-
lar profile recorded aH =0 and the grain flux profile de-
C rived from the global profile recorded at high fields could be
T simulated well using Kim’s critical-state model. However,
for the latter fit, it was necessary to invoke a wide distribu-
; ) 7.2 tion in the grain critical current densityq, possibly arising
Do/ Rg locally due to the lowF phase of type Nd. ,Ba,_,Cu;0;_5
° (which is also evidenced by the broad transition in the tem-
FIG. 9. The profile into the grains as extracted from the mea-P€rature variation of the ac susceptibilitf'he flux penetra-
sured global flux profile. The solid line is a fit to Kim'’s critical-state tion into the melt-processed samples is much slower com-
model after incorporating a Gaussian distributiordjg. Deviation ~ Pared to the sintered samples due to stronger coupling
from the experimental data can be s¢gashed linewhen a single  between the domaing/R is less than 0.03 at lovid,
valued J.q is considered. The inset shows the field variation ofwhile it is 0.15 even at the 8 KOe field. At high fieldbl 4
Jego- =4-8 KOe) the flux profiles were found to exhibit two dif-
ferent slopes. From the microstructural considerations and
into the intergrain region. AH,c>H{ the penetration re- the high-resolution Faraday results of Schusteal, these
mains constant up to the lower critical field of the grainsslopes are attributed to be representing the flux entry initially
above which the flux profile into the grains is obtained. Theinto the microcracks between the grains and then into the
H andJ; are found to be enhanced for BSCCO sample orgrains themselves.
press sintering. This has a correlation to the reduction in
porosity and the resultant strengthening of the coupling be-
tween the grains. The enhancement in the apparent lower
critical field H¢, 4 value on press sintering is probably due to  N.H.B. is grateful to the CSIR for financial support and
the existence of a surface barrier to the penetration of magv¥.S.B. thanks UGC for the research project.
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