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ac magnetic hysteresis loops of Bi-Sr-Ca-Cu-O 110-K-phase superconductors and the effect
of microstructural alteration
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The field variations of adl-H loops are recorded at 77 K and 33 Hz using a lock-in flat-band detection
method in sintered and press sintered 110-K-phase samples of the Bi-Sr-Ca-Cu-O system. From the slope of
theM vsH,, curve the flux profiles and the effective relative permeability.,) of the samples are determined.

Using this value ofue, the intergrain and intragrain contributions to the magnetization are separated out. The
intergranular loops of the sintered sample could be simulated very well using Kim’s model, while for the
press-sintered sample the exponential model gives a better fit. Our results show that the loop closure exhibited
by the intergranular loop can be simulated to the critical state models without subtracting the wing portion in
contrast to the Dersch-Blatter approach. The intragranular loops of sintered samples show quite a good fit to
the exponential model after introducing the surface barrier modification. The intergranular critical current
density J.;) and the apparent lower critical fieldi¢,4) of the grains are found to be enhanced due to press
sintering. The field variations of the various physical quantities obtained from the loops are analyzed to see the
effect of microstructural alterations introduced by the press-sintering method. By doing a fast Fourier transform
on theM vst curve the harmonic components are separated out and their variation with the ac field amplitude
is studied [S0163-18206)04018-7

. INTRODUCTION lowed by numerical integration. Ghatast al!’ studied the
ac magnetization and harmonic behavior of pure and silver-
The magnetic properties and the current transport irdoped YBCO sintered samples. @ory*® and Gougtet al1°
granular superconductors are governed by not only the ndiave reported a lock-in flat-band detection method for re-
ture of the diamagnetic grains but also their interconnectionsording acM-H loops and this is based on Campbell's
which constitute the superconducting maffix The size and  techniqué® reported to study flux penetration in conven-
distribution of the interconnections and their properties willtional superconductors. Gougét all® have analyzed the
greatly depend on the processing method used. For instantmops by assuming functional dependencesJfoon field of
melt processing of YB&Zu;0,_s and introducing pinning the formJ.(0)[h/(H+h)] andJ.(0)exd —In 2(H/h)] where
centers is knowhto enhance the critical current densitl).  J.(0) is the critical current density in zero field ahdis the
Similarly press sintering is reportédo improve thel, in  field that would suppress the critical current to half its zero-
Bi-Sr-Ca-Cu-O(BSCCQ system. field value.
ac susceptibility measurement is widely u$édto char- By far the YBgCu;O,_ s system is the most extensively
acterize the ceramic highz superconductoréHTS’s) and to  studied*~2® among the HTS’s in bulk polycrystalline form.
estimate the intergranular critical current densities. The magh the BSCCO system out of the two phases with tAeis
netic response of HTS's is better described by ac magnetizabove the boiling point of liquid nitroge(85 K phase and
tion studies rather than the fundamental component of athe 110 K phasg the 110 K phase has been studied to a
susceptibility since the former includes the harmonic compolesser extent due to the difficulty in synthesizing it in a stable
nents as well. Compared to ac susceptibility measurementand single-phase form. Attempts to stabilize this phase by
reports on ac magnetic hysteresis studies are very few in thiae addition of Pb or Sb have often yielded multiphase
literature. compound$/~2° Shi et al®° reported that this phase can be
Grover et al'? recorded the field and temperature varia-prepared in a stable and single-phase form from the starting
tion of M-H loops in sintered YBZuO,_ s (YBCO) composition Bj Phy, ,Sr,CaCuW0, after intermediate cold
samples using an electronic integrator method and analyzedorking. A detailed study of this system by our grétifed
them by assuming an exponential functional dependence fdo the identification of the starting composition
J. on field. Edmond and Firffi also used a similar method Biy JPhy 551 sCaCus0, (Which is deficient in Bi and Sr com-
and analyzed their data using Kim's model. Mawtyall*  pared to the EQSrZCaZCuso reported often in the literature
studied the grain size dependence of the hysteresis loops o prepare this compound in a stable and single-phase form
YBCO recorded using an analog-to-digit#&l/D) converter.  without intermediate cold working. Repeated cold uniaxial
Navarroet al1® generated the full hysteresis loops by record-pressing and sintering sequenépgess-sintering methdel-
ing the first nine components of the harmonic susceptibilitieger the microstructure and are reported to result in enhanced
individually and then reconstructing the full loop. Fabrica-J.. We present here a detailed investigation of the ac mag-
toreet al'® studied the magnetization and the penetrated andetic hysteresis measurements in sintered and press-sintered
trapped flux using a three-channel waveform recorder folBi; Pk, 3Sr; sCaCu;0, (samples A and Bwith the aim to
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trix as well as that of the grains. , At dt=M(¢p+m)—M(¢)=—-2M(¢), (1)

where ¢ is the reference phase of the lock in.

investigate the magnetic properties of the intergranular ma- f¢+zw dM

Il. SAMPLE AND MEASUREMENT DETAILS
IV. CALIBRATION OF THE M-H LOOP SETUP

Methods of synthesizing the sintered and press-sintered
BSCCO 110-K-phase superconductors and their character-
ization using x-ray diffractio{XRD), temperature variation dM( )
of electrical resistivity(p vs T), and temperature and field u=uonVw(1-D) do (2
variation of ac susceptibilitfy vs T, x vs H) studies are
repor[ed in Refs. 31 and 10. From the/s T measurements Wheren is the number of turns per unit Iength of the second-
the T.(0) values are found to be 106.4 K and 105.9 K forary coil (sample coll, V is the volume of the sample,
sample A and sample B, respectively. The susceptibility and>=27f is the angular frequency of the applied ac fidldis
XRD measurements show no traces of the 85 K phase ifhe demagnetizing factor of the sample, ald¢) is the
both the samples. The XRD resdfshowed texturing along Magnetization at a phase ange The lock-in output can be
the ¢ axis of the unit cell in the press-sintered sample. The/VMiten as
scanning electron micrograpkSEM’s) of the fractured sur- 1 (2=
face showed that sample A is highly porous while the poros- S(d)=5_ f ub(¢—do)de, ()]

. . N . o Jo
ity has reduced on press sintering. The average size of the
grains which is of~5 um in sample A gets reduced toiim ~ where 6(¢— ¢) is a step function representing the square
in sample B. From a comparison of the measured densities wave. From Eqs(2) and(3), we get
the theoretical values, the porosity is determined to be 50% LonVar(1-D)
and 15% for samples A and B, respectively. The samples g4 )="2""""= =" [M(¢p)—M(do+m)]. (4)
used are of cylindrical geometry with lengths 14.33 and ™
14.25 mm and diameters 1.16 and 0.98 mm, respectivelf=or 5 symmetric loop with no superimposed dc field,
The demagnetizing factorsD() for the samples were ob- \j(4)=—M(¢,+ ) and hence
tained using the table in Ref. 32 and are 0.067 for sample A :
and 0.055 for sample B. S(o
Earlier study of fundamental intergranular ac M (o) = 4uonVFi(1—D) =KS(¢o), ®)

. e 0 . _
Z:iiiztlg:ﬁ“t}} aigov&eg;:aé éh:irtri;]r gtigatt%rel(?rzfjsfﬁfdiﬁﬁ : whereK=1/[4uonVf(1—-D)] is the calibration factor. For
sample A);lnd aré(lcloser to Bean’s model for sample B. Ir& perfect sinusoidal field, the field values corresponding to

imp , pie B. Mhe phase anglée), can be computed if the amplitude of the
this paper, the field dependence of the total magnetization

that includes the contribution also from the harmonics is in-C field,H,, is known usingH(¢q) =H, Sin ¢y.

The output of the pair of secondary coils is given by

vestigated. The applicability of critical state models is exam- V. PHASE ADJUSTMENT
ined and the field dependence of various quantities is de-
rived, as described below. Since the shape and area ofMeH loops depend greatly

on the phase differencg betweenM andH, all extraneous
phase shifts introduced by various circuit elements should be
. ac MAGNETIC HYSTERESIS LOOP MEASUREMENTS avoided. Since it is difficult to eliminate these phase shifts as
] o the lock in is operated in the flat-band mode and the phase is
To study the hysteretic magnetization of HTS's, the out-swept, a phase correction should be applied to eliminate
put of a mutual inductance coil assembly, consisting of a paithem. For this purpose the field of initial flux entry into the
of identical secondary coils wound in opposition and placedsample is first determined from the field dependence of the
inside a coaxial primary solenoid, is integrated and recorded susceptibility on the same sample. Then, we have re-
as a function of field amplitude. When the sample is place¢orded arM-H loop below that field, in the perfect Meissner
in one of the secondary coils the resultant output of secondsiate of the sample wheid = —H, and adjusted the phase
aries is proportional to the rate of change of magnetizationnore precisely to get zero loop area. The same phase correc-

(dM/dt) of the sample by integrating which we get the mag-tion was applied for all the loops. The procedure for phase
netization of the sample. The integration can be done eith€fgrrection is discussed in more detail in Ref. 33.

by using an electronic integratért>*” or by recording the

dM/dt signal and then numerically integrating 4t VI. RESULTS AND DISCUSSION
Gomory*® and Gougtet al® have reported a phase sensitive
detector(PSD method in which a lock-in analyzer operated
in the flat-band mode is used for performing the integration. The ac magnetic hysteresis measurements on the sintered
The lock-in analyzer when operated in this mode provides agA) and press sintere@B) BSCCO samples show that each
accurate integration of th#M/dt signal(at any point of the of them exhibit two sets of hysteresis loops which can be
phase set in the lock iy multiplying it with a square wave identified as contributions from the intergrain and intragrain
derived from the reference and averaging the product overegions, respectively. Figuresal and Xb) show the isother-

one period of the ac field. The lock-in output is proportionalmal field variation of adVi-H loops recorded at 77 K and 33

to Hz for samples A and B, respectively.

A. General features
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Sample A

Temp. 77K
Freq. 33Hz

FIG. 1. Isothermal field variation of alel-H
(@) H (Amp/m) loops recorded using the lock-in flat-band detec-
tion method at 77 K and at 33 Hz i@ sintered
and (b) press-sintered Bi 110-K-phase samples.
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The sintered sample shows a loop opening beyond 1 Oef the intergrain region. The intergraily estimated from the
from which the intergranular lower critical field, is iden-  full penetration field shows that the coupling strength and
tified to be~1 Oe. The intergranular loops increase in sizehence the intergraid, have improved on press sintering.
up to the full penetration field of this region which is around Apove H,i the loop assumes a rhombuslike shape with nar-
Hpi~8 Oe, beyond which the loop collapses due to breakingow wings. The intragrain loop opens up above 100 Oe,
up of intergranular couplings. The slope of the loop at higheshowing that there is an increase in the apparent lower criti-
fields is less than the initial slope, indicating a reduced diacal field of the grains compared to the sintered sample.
magnetic behavior of the sample, and it gives the effective
permeability of the ceramic sample. The loop again starts
opening up at higher fields due to flux entry into the grains. B. Effective relative permeability pce,

The intragranular loops grow in size with increase in field

amplitude and develop into a bird-wing-like shape at still The slope of the hysteresis loops beyond the vanishing of
higher fields. Figure @) shows the adV-H loops recorded the intergrain contribution remains constant up to the lower
in sample A for various field amplitudes at 77 K and at 33critical field of the grains and has its origin in the diamagne-
Hz. tism of the grains. This slope is less than the initial diamag-

In the case of press-sintered samples the intergranularetic slope of the bulk specimdly’=—1) at low fields and
loop does not collapse suddenly, but shows a gradual reducs related to the effective relative permeabiliy..,) of the
tion in loop area abovel,;~11 Oe, the full penetration field ceramic material as given by
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(1— peedHnm cal field H.,4 of the grains. While thed 4 for the sintered
-M =[m . sample is around 50 Oe, the press-sintered sample shows an
Her increase inH¢;4 to about 100 Oe. The variation iH g4

The e, values thus derived are 0.54 and 0.64 for samples Anight have its origin in surface barrier effeéfs>

and B, respectively. It can be seen that if the demagnetiza-
tion effects are negligible, then the ratio of the reduced dia-
magnetic slope to the initial one directly gives the effective _ _
diamagnetic grain fractiorf,,=1— u., which was estimated The ac loss per cycle per unit volume of the sample is

D. ac losses

to be 0.46 and 0.36 for the above samples. given by the area enclosed by th-H loops, and is also
related to the imaginary component of the fundamental ac
ihili " i ~36—38
C. Remnant magnetization susceptibilityy} by the relatiod
The value of magnetization as the ac field crosses zero (XiH?,
gives the remnant magnetizatiokl(). The remnant magne- § MdH= 2100 (6)

tization variation with field amplitude show§ig. 3 a two-
step behavior for both samples, showing the granular natur€he ac losses of sintered and press-sintered samples show
of the materials. The second rise in remnance is due to fluglightly different functional dependences on field for the in-
entry into the grains and hence indicative of the lower criti-tergrain and intragrain contributions. For the sintered sample
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FIG. 4. Field variation of flat-band susceptibilitie® x’ vsH,,,

(b) X' vsH,.

they are found to be proportional t°

“48andH%%8 respec-
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F. Harmonics

The various shapes exhibited by tMe-H loops of sin-
tered and press-sintered samples are due to the generation of
higher harmonics in these materials. By doing a fast Fourier
transform(FFT) on theM vs time curve, the real and imagi-
nary components of the various harmonics of magnetization
and hence the susceptibility are obtained. While gievs
H,, curve thus obtained show§&igs. 5a) and §b)] a two-
step behavior, the higher-harmonic componentg/oéxhibit
a minima(negative maximumwhose position shifts towards
higher fields with increase in the order of harmonics. The
third-harmonic component of; [Figs. 5c) and 8d)] is 3
times larger than the higher-order harmonics and hence plays
a major role in determining the shape of the hysteresis loops.
While the third-harmonic susceptibility of the sintered
sample shows an asymmetric peak, the press-sintered sample
shows a nearly symmetric peak. The fifth-harmonic suscep-
tibility xz exhibits a derivativelike shape. Here also the
asymmetry in the curve has reduced on press sintering. This
could be indicative of the nature of the variation fwith
field. Ishida and Goldfarb have studied in detail the field and
temperature variations of harmonic susceptibilities by re-
cording them individually. Comparison of the field variation
of odd-harmonic susceptibilities with similar studies reported
in the literaturé®=*2 show that our results differ from the
weakly coupled loop model of Ishida and Maz&ki.

G. Flux profile

From the peak field value of magnetizatidv (), the flux
profiles®*? inside the ceramic sampléeyond the London
penetration depdhare constructed by plotting the deviation
of the slope oM, vsH, curve from—1 as a function oH ,

tively. The intergrain loss of press-sintered sample is reduceg:ig_ 6). In the case of the sintered sample, the normalized

asH%??while the intragrain loss is negligible up to 150 Oe.
This could be due to highét ;4 and hence a reduced flux
entry at that field into sample B. Figuregaftand 4b) show
the field variation of ac losses ang derived from them
using Eq.(5). The x] curves show that the position of the

penetration depth p/R) increases with field, showing a
maximum at the full penetration field of 8 Oe. HdReis the
radius of the cylindrical sample. The penetration remains
constant between 10 Oe and 50 Oe as the flux entry is al-
ready complete into the bulk of the material and is confined

peak seen corresponds to the full penetration field and thd@ Wwithin the London penetration depth of the diamagnetic
the ] peak height has reduced on press sintering. This coul@"@ns. The penetration changes above 50 Oe due to flux

be due to the reduction in porosity of the sample on pres
sintering which reduces the amount of trapped flux, and®

hence the associated loss.

E. Flat-band ac susceptibilities

For a givenM-H loop recorded withH ,.=H,, sin(wt),
from the zero-field valueNl,) and the peak field valueM,)
of magnetization, the flat-band ac susceptibiliti¢gsand y”
are derived asM,/H,, and M /H,, respectively. The flat-
band in-phase component of susceptibilityvs. H,, curve
exhibits a two-step behavior characteristic of the ceramic

gntry into the grains. The maximum penetration occurs at

round 11 Oe for press-sintered sample and the penetration
remains constant from 20 Oe to around 100 Oe, above which
it changes again due to the flux entry into the grajng, can

be estimatetf from the intercep(p*) obtained on extrapo-
lation of the region of constamd of the flux profiles to the
zero-field axis aguc=(1—p*/R). The values ofu., thus
obtained compare very well with those determined from the
reduced diamagnetic slope of the hysteresis loops.

H. Theoretical modeling of M-H loops

(weak-link nature of the sample. The flat-band out-of-phase The magnetic behavior of conventional type-Il supercon-

component of susceptibilitgy”) plotted as a function ofl,

ductors is explained by Bean’s motfelvhich assumes the

[Fig. 5(b)] shows peak at 8 Oe and 11 Oe, respectively, ford. to be field independent. But the critical current density of
samples A and B, which are the full penetration fields of thehigh-T. superconductors is strongly field dependent and
intergranular region. Reduction in peak height on press sinhence, in general, Bean's model fails. Several critical state

tering is also evident from Fig.(B) as seen in Fig. @).

models have been proposed in the literaiiire by assum-
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ing different functional dependences fdy on H to explain  as shown in Figs. (3 and 7b). The parameters obtained
the observed magnetic behavior. We have analyzed our dafarm the field variation of intergraiiM-H loops andJ, val-
using Kim's modet®->4 ues at 77 K are given in the Table I.

The above fits were carried out without any modification
of the as-measured data. This is in contrast to Dersh and

Je(Hi) = [Hi]+Hg Blatter's® approach in which they have extrapolated and sub-
_ 5355 tracted the narrow wings of the loop and then the modified
and the exponential moder>* loop was fitted assumingo(H;)=Jo[1— (|Hi|/H )] 6(H,

—|H;|) whereH; is the local magnetic induction ang{x)
denotes the Heaviside step function. They regarded the
wings to be due to the contribution from voids in the material
which cannot be accounted for in their model.

While the intergranular loops of sampke could be di-
rectly fitted to Kim’s model, to simulate the intragranular

ops of this sample the surface-barrier-modified equilibrium
magnetizatiorM ¢ has to be taken into account. According to
Chenet al*® the descending branch bf(H) can be defined

Je(Hj)=J ex;{ - M)
c 1 0 HO

whereK, Hy, andJg are constants arid; is the local internal
field. In this approach the local magnetizatibh is consid-
ered as the field produced by the bulk supercurrents flowin
in the material and is given byl;=H;—H, whereH is the
applied field. The total field magnetization is the average
of M; over the cross sectio:*>The local fieldH; is derived
in terms of the applied field and supercurrent densities.
Since the magnetization of granular superconductors has (H;—H,,)
contributions from the superconducting grains and also their M¢(H)=—-H+H,—H3;—(H{— H3)epo—
interconnections, the measured magnetizakibfH) can be 4

. 7,8
written ag for (H,y<H<H,,, (83

M(H):ngg(H)+(l_fg)Mm(H)y (7 (H,—H)
whereM 4(H) is the magnetization of the diamagnetic grains Ms(H)=—Hs—(Hz~ H3)epo—4
and M, is the contribution to the magnetization from the
matrix due to intergranular Josephson currents. For low ap- for (H,<H<H,,), (8b)
plied fields My=—H because the susceptibility of grains,
Xg, is almost equal to-1. For higher applied fields, weak My(H)=—H for (—H;<H<H,), (80
links become normal ani ,(H) tends to zero.
For simulating theM -H loops to critical state models, the (Hi+H)
f, value needs to be determined. Unlike in the case of ac Ms(H)=Hs+(H;—Hg)exp——
susceptibility analysfé-'* wheref, was normally taken as a 4
free parameter of the fit, in the present wdgkis determined for (—H,<H<-H,), (8d)

from the slope of the hysteresis loop at loop closure. By

assumingVi4(H)=—H in Eq. (7), the measure-H loops  where H, is the field at which the first change of slope
for H,,=500, 1000, and 1500 A/m, which are mainly due tooccurs in the descending branch Mf(H), H; andH, are
intergranular matrix, could be fitted very well to Kim’'s the fields for the first flux entry and last flux exit, respec-
model for sample A and the exponential model for sample Rively, —H is the value of equilibrium magnetizationdt,,

12000
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8000 - *¥%a¥x Sample B
8
~~. 6000 - FIG. 6. Flux profiles in the sintered and press-
f% sintered samples derived from the slope of the
T M eak VS Hm curve. Solid lines are a guide to the
4000 eye.
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Freq 33Hz
2000 - Zero DC Field
() ==ardipr-oko——T¢ i T I |
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Normalized penetration (p/R)



15288 N. HARISH KUMAR AND V. SESHU BAI 53

800
Sample A
coooo H, = 1500 A/m
epoan H = 1000 A/m
400 Asaaa Hm = 500 A/m
Kim model fit
£
T 0
=
—400r
—800Q . 4
—2000 —1000 0 1000 2000
@ H (A/m) FIG. 7. Theoretical simulation of the inter-
granular loops of(a) sintered and(b) press-
1500 sintered samples using the Kim and exponential
models.
Sample B
1000 |
00000 H, = 3050 A/m
sooss H, = 1514 A/m
5001 sssas Hy = 500 A/m
Exp. model fit
~
£
<
S
=
—-5001-
—1000
—1502 ; L
—4000 —2000 0 2000 4000
(b) H (A/m)

andH, accounts for the field variation &l (H). The mea- opening which could be due to lack of considerable flux
suredM-H loops forH,,=1500 A/m which are mainly due entry into the grains. We find that this loop can be simulated
to superconducting grains were fitted by assumingvery well by Kim’s model as well as the exponential model
Mn(H)=0 in Eq.(7) and by consideringvi4(H) to be the without incorporating the surface barrier modificatidfig.
sum of bulk magnetization predicted by the critical state9). The fit parameters are given in Table I.
models(Kim, exponential mode)sandMy(H) (Fig. 8). H, The intergranular pinning force densitf,,, was esti-
p, Hq, Hp, andH; were taken as free parameters of the fitmated using the relatiorr,=J.(H;)B;, where the field
while value forH, was assumed such that the slope of thevariation of critical current density.(H;) was calculated
experimental curve matches with that of theoretib&lH using the Kim and exponential models for samples A and B,
loop. The fit parameters aréi,=12863 A/m, p=5.3, respectively, and using the parameters obtained from the fit
H,=4340 A/m, H,=411 A/m, H;=557 A/m, and of intergranularM-H loops. The maximum values (ﬁp
H,=10 345 A/m. The analysis of intragranular loop showsobtained for samples A and B are, respectively x7.0° and
the presence of surface barrier effects and such an obsernva5x10®> TA/m? which suggests an improved pinning
tion has been made in the literature for YBCRef. 56 and  strength upon press sintering. The reason for this could be
the 85 K phase of BSCC@Ref. 57, also. that the centers responsible for pinning the flux in the inter-
Unlike for sample A with an apparei.,, (the lower  granular region, which need to be of the order coherence
critical field of graing of 50 Oe, the apparent granulielg,; length, are enhanced in density on press sintering. Unlike in
is around 100 Oe for sample B. The-H loop for sampleB the sintered sample with 50% porosity and larger-sized
at 150 Oe can be seen to be elliptical in shape with a smallggrains, it is quite possible that pinning centers that can effec-
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TABLE I. List of parameters obtained from the theoretical fits.

Hp J. (77 K)
Sample Intergrain/intragrain Model fg (A/m) p (Alcm?)
Sintered inter Kim’s 0.44 650 4.5 65
model
Press inter exponential 0.36 1070 0.8 100
sintered model
Sintered intra exponential 0.37 12 863 5.28 2.5710°
modef
Press intra exponential 0.36 21021 18.705 2410°
sintered model

aNith surface barrier modification.

tively cause pinning are more in press-sintered samples withf the grains which compensated for the increase in the solid
much reduced porosit§15%) and smaller grains. fraction of the sampldé50%—85% on press sintering. The
critical current density(J.; and J.q) values estimated from
M-H loops show that both thé; andJ., get enhanced on
Vil. CONCLUSIONS press sintering. The rise il,; could be due to the increase in

The f values determined fromvi-H loop measurements coupling strength of the linkages between the grains. The
show that there is little change in its value on press sinteringower J, of sample A compared to that of sample B may be
even though there is a large reduction in porosity. This couldlue to the loweiH.;4 (50 O8, which allows the flux entry
be due to smaller grains in the press-sintered sample. TH&to the grains at 150 Oe, and that thg, is probably field
flow of supercurrents on the surfaces of each of the smalleflependent. The field dependencelgf is also suggested by

grains can cause a reduction in the effective volume fractioghe nonlinearity of the flux profile above it$;,4. The inter-
granular loops of sintered and press-sintered samples show

3000
4000
Sample A Sample B
ocooo Expl. data
00000 Expt. Data i
1500 - Expon. fit
Expon. fit with P
surface barrier 2000
(a)
o]
—1500- Temp. 77K
Freq. 33Hz —2000+
£
~
L -4000
S le A
ampie = ooooo Expl. data
00000 Expt. Data Kim's. fit
Kim's fit with
surface barrier 2000+
(b)
0 \:k
—2000
-3000 ' o
=10300 -5150 0 5150 10300 —4000 ' L ' '
H (A/m) —15000 —-10000 —-5000 0 5000 10000 15000
H (A/m)

FIG. 8. (a) Exponential andb) Kim model fits with surface
barrier modification to an intragranular loop of sintered Bi 110 K  FIG. 9. (a) Exponential andb) Kim model fits to an intragranu-
phase. lar loop of a press-sintered Bi 110 K phase sample.
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an excellent fit to the Kim and exponential models, respectheir magnitude were reduced on press sintering, indicating
tively, and there was no need for subtraction of the wings ashat the harmonics generation is a manifestation of the weak-
proposed by Dersch and Blatter. The enhancement in think nature of the material. Based on our analysis of the
apparent lower critical field.,4 value on press sintering magnetic response we find that magnetic properties like the
can be attributed to an enhanced surface barrier effect due totergranular critical current density(;), the apparent lower

an improved microstructure of the sample which could haveeritical field of the grains Kl.,4), intragranular critical cur-
resulted in_a reduction in the defects around the graiment density {.,), and hysteresis in magnetization are
boundaries® To simulate the intragranular loops the surface-strongly dependent on the microstructure which can be al-
barrier-modified equilibrium magnetization has been incortered by adopting different preparation techniques.

porated in addition to the bulk magnetization predicted by
the Kim and exponential models and we find that the expo-
nential model gives a better fit than the Kim model. The fit
could possibly be improved if a distribution in the full pen-  This work is supported by the Department of Science and
etration fields, either due to the presence of grain clusters drechnology, Government of India. One of the authors
due to a variation in grain sizes about an average value, i€N.H.K.) wishes to acknowledge the Council of Scientific
taken into account. However, the qualitative features are vergnd Industrial Research, New Delhi for financial support. We
well reproduced. A harmonics study shows that the sharpthankfully acknowledge N. Hari Babu and Dr. S. Ravi for
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