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Chemical doping and intergranular magnetic-field efFects in bulk thallium-based superconductors
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Measurements of ac magnetic susceptibility of bulk T12Ba2Ca2Cu30„and compounds containing
noble-metal additives were carried out to investigate the effects of chemical doping and penetration of
magnetic field into the intergranular region. Significant enhancement of the intergranular critical
current density was demonstrated in Tl-based ceramic superconductors with Au and Ag doping.
Methods for convenient determination of the intergranular weak-link phase-locking temperature and

average lower critical field in the bulk granular superconductors are discussed.

I. INTRODUCTION

It is well known that large-scale applications of high-
temperature superconductors (HTS's) are severely limited
at the present stage because of the diSculty of low trans-
port critical current in the bulk material. Ceramic HTS's
usually consist of agglomerates of anisotropic grains
separated by nonstoichiometric interfacial materials and
show a precipitous decrease of transport critical current
density J, in low magnetic fields. This behavior of J, can
be mainly attributed to the Josephson-type weak links
(WL's) formed between the superconducting grains,
which are sensitive to the local magnetic flux and can
only support a low intergranular supercurrent. Physical
studies of the temperature and magnetic field dependence
of J, are important not only for technical applications,
but also to provide information on the distribution of
magnetic Aux lines in these bulk granular superconduc-
tors (BGS's).'

Among the known techniques for probing the magnetic
structures in BGS s, ac magnetic susceptibility is unique-
ly suited for this purpose because of its high sensitivity to
the effects of low magnetic fields. Earlier studies ' using
this method have already revealed much useful informa-
tion. Measurements of the ac susceptibility y=y'+iy"
in an applied magnetic field H(t ) =Hd, +H„coscot gen-
erally show features of two steps in the in-phase com-
ponent y' and two peaks in the out-of-phase component

However, most of the previous experiments on
Iow fieId susceptibili-ty appeared to focus mainly on mea-
surements with an applied ac field; effects arising from a
variable dc magnetic field have thus far not been well ex-
plored.

In this paper, we report recent studies of the ac mag-
netic susceptibility in pure, Ag-doped, and Au-doped
T12Ba2Ca2Cu30~ BGS's as a function of temperature us-
ing both ac and dc magnetic fields. A new method for
direct determination of the phase-locking temperature
T,J (J for Josephson coupling) pertaining to coherent
WL's has been found. This temperature is closely related

to the intergranular (or transport) critical current of
BGS's. The effects of an applied dc magnetic field are
compared with theoretical calculations based on the
Anderson-Kim model. ' The changes of intergranular lo-
cal Aux density caused by intragranular supercurrents are
quantitatively investigated. From this study, a new
method has also been found for convenient determination
of the average lower critical field H, &

of the supercon-
ducting grains. Our results show that the WL coupling
and intergranular J, are significantly enhanced by Au or
Ag doping in Tl-based BGS's. To the best of our
knowledge, this is the first experimental report on suscep-
tibility studies of J, enhancement in Au- and Ag-doped
T12Ba2Ca2Cu30„as well as the effects of a variable dc
magnetic field on the pronounced peak in the tempera-
ture dependence of the ac magnetic susceptibility.

II. EXPERIMENTAL DETAILS

Susceptibility measurements were performed using a
high-sensitivity susceptometer reported elsewhere. " The
inductive and resistive components of the volume suscep-
tibility were measured with a lock-in amplifier at 2 kHz.
The effect of frequency variation is negligible in this re-
gime. A high-permeability metal shield was used to pro-
vide a well-defined zero-field-cooled condition with a re-
sidual field lower than 1 mOe. Temperature changes
were made at a rate slower than O.S K/min, monitored by
a silicon diode sensor. Pure, Ag-doped, and Au-doped
T12Ba2Ca2Cu30~ pellets were studied to compare the
effects of chemical doping on the pinning force and inter-
granular J, . These Tl-based compounds were prepared
using a method described elsewhere. ' The atomic-weight
ratio of Au or Ag to T12Ba2Ca2Cu, O~ is 1:10in the doped
samples. All samples are single phase, confirmed by x-
ray-diffraction measurements. Scanning electron micro-
scope pictures show randomly oriented irregular grains.
The grain size ranges between 1.0 and 20 pm, with an
average diameter around 4—5 pm. The dimensions of the
rectangular-shaped samples are typically 6.0X2.4X0.65
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m. The magnetic field was always pp ps a lied arallel tomm. e
the longest dimension, and the demagnet'netization factor is
calculated to be lower than 0.05.

III. RESULTS AND DISCUSSION
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B. EfFects of a variable low magnetic Sell

The temperature dependence of the ac susceptibility in
a low dc magnetic field Hd, is shown in Fig. 3(a). Al-

though the main features look similar to those in Fig. 1,
the net effect of a dc magnetic field is actually quite
different. An applied Hd, much higher than H„ is re-
quired to shift T z by the same amount. The dependence
of T z on Hd, for the undoped and Au-doped samples is

0.5
i

a

0.0—
(a)

BGS, a higher value of T~ therefore implies a higher
transport J,.

From the intercept, as shown in Fig. 2, T,J can be
directly determined without any curve-fitting or adjust-
able parameters. By this method, T,J is found to be
114.56, 116.44, and 119.55 K for the undoped and Ag-
and Au-doped samples, respectively. %e have thus
demonstrated that Ag and Au doping can lead to a
significant enhancement of T,z {or intergranular j
transport J, ) in Tl-based BGS's.

shown in Figs. 3(b) and 3(c), respectively. Similar
behavior was also found with the Ag-doped sample (not
shown in the figure). It is interesting to note that T z fol-

lows a smooth variation with Hd, [see dashed curves in

Figs. 3(b) and 3(c)] until a kink appears around 70 Oe.
As will be discussed in the following, these observations
provide useful information on the intergranular field dis-
tribution and also allow a convenient method to deter-
mine the average lower critical field H, &g

of the supercon-
ducting grains.

These results can be understood in terms of field

penetration into the BGS in conjunction with the
Anderson-Kim critical state model' and Clem's model'
of BGS's. The ratio of the Josephson coupling energy to
the intragranular condensation energy is on the order of
10;hence, a weakly coupled grain model' should hold
over a wide temperature range up to the vicinity of T, .
In an H between H„z and H„g, the field penetrates the
intergranular region into a depth A,z, much deeper than
into the grains; the BGS may thus be approximated by a
homogeneous medium. By a comparison of our data
with theoretical calculations based on these established
models, much useful information about the field distribu-
tion inside the BGS can be derived from the observed
variations of the shape and position of the ac susceptibili-
ty peaks.
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FIG. 3. (a) Experimental data of the ac susceptibility g'(T)
and y"( T) for T12Ba&Ca2Cu, O„ in a dc magnetic field Hd, . The
ac field amplitude is kept constant at H„=0.03 Oe. Hd, =0.16,
0.63, 1.58, 4.0, 6.3, 10.0, 15.8 and 39.8 Oe for the curves from
right to left. (b) Variations of T~J as a function of applied dc
field Hd, (0) and calculated field value (o ) Hd, derived from
Eq. (8). The dashed curve is a plot of T~J vs Hd, /7. S. (c) Plots
for a Au-doped sample similar to (b) except for a different scal-
ing factor of 7.2S for Hd, .

de(x, t ) =+J,~(x, t),

dHg(r, x, t ) =+J,g(r, x, t), (2)

in conjunction with expressions in the Anderson-Kim
model' for the local inter- and intragranular critical
current densities:

We calculated g(T) in an applied field H(t)=H&,
+H„coscot in a way similar to Miillers theoretical
work, but with appropriately modified expressions in or-
der to account for our new experimental observations.
The BGS is considered in the shape of an infinitely large
thin slab with thickness 2d in the x direction. To include
the size effect of the grains, we assumed an approxima-
tion after Clem's model in which the grains are represent-
ed by a random distribution of super conducting
cylinders, each of radius Rg and with its axis parallel to
the magnetic field along the z axis. This approximation,
though not entirely realistic, at least allows a tractable
calculation to account for the gross features of various
grain sizes with an average radius equal to Rz. Depend-
ing on the pinning force, intergranular vortices may
move when H(r) exceeds H„z. The flux density can be
expressed as 8 =@,irH; here, p,s(T) is an efFective per-
meability of the BGS as given also by Miiller [see Eq. (4)
in Ref. 4]. The local inter- and intragranular magnetic
fields Hz(x, t) and H (r,x, t) can be obtained from the
critical state equations
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aJ(T) 1J~(x, t)=
p~gpo )HJ(x, t )i +HOJ

as( T) 1J,g(r, x, t ) =
po ~Hs(r, x, t ) ~+Ho

(3)

az(T)/p, ,st, T)=[aj(0)/p, it(0)](1—T/T q)" . (5)

This expression is different from that used by Muller in
two respects. %e have replaced T, by T,J to account for
our observed changes in T,J for the coherent %L's in the

Here the + signs correspond to the motion of vortices in
decreasing or increasing applied field, aJ and a are the
respective pinning force densities' (assumed to be in-
dependent of H in the low-field regime), and HOJ, HO are
positive parameters.

The following form of the temperature dependence was
used to determine J,s( T ):

BGS, and the exponent n is left as an adjustable parame-
ter to be determined from the experimental data. This
modification is necessary because when T approaches
T,J, intergranular vortices can be depinned, and conse-
quently az(T) should vanish. The value of n near the
transition temperature serves as an indication of the dom-
inant type of %L's present in the BGS. For example,
various theoretical models indicate that n =1,—,2 would
correspond to Josephson-type, Ginzburg-Landau, and
superconducting-normal-superconducting (SNS) weak
links, respectively. ' ' Spatial and temporal averages of
the magnetic inductions were then taken by using Eqs.
(1)—(5) to calculate the susceptibilities for comparison
with our data.

Detailed numerical calculations indicate that the peak
at T&J in y" corresponds almost exactly to a specific con-
dition such that the applied field has just reached the
center of the BGS. This specific ac field amplitude
H*(T~J ) can be approximated analytically by

H„=H '( TJ ) =HOJ [
—1+[ 1+2aJ ( T J )d /poit, ,tt( T~J )HOJ ]

' ~'
] .

Likewise, the ac amplitude that yields a peak at T is given by H ( T ) in the following:

H„=H'(T ) =Hos [
—1+[1+2as( T~s )Rs/pDHos ]'

when the applied field has just reached the center of the
"cylindrical grains" (r =0).

Typical results of our model calculations using Eqs. (6)
and (7) for the temperature dependence of g' and g" in
the absence of a dc magnetic field are shown in Figs. 4(a)
and 4(b). The curves shown in Fig. 4(a) are in good
agreement with our experimental data [e.g., Fig. 1(a)].
By a comparison, the relevant parameters az(0) and HOJ
were determined, and the intergranular critical current
density J,J can be deduced from Eqs. (3) and (5). The ob-
tained paraineters are aJ(0)=6.5 X 10, 3. 1 X 10",
4. 8 X 10 TA m; HOJ =0. 194, 0.096, and 0.190 m T; J,J
(at 77 K) =6.8 X 10, 1.35 X 10, and 1.51 X 10 A cm
and the maximum critical current Io(0) =49, 62, and 503
pA for the undoped and Ag- and Au-doped
T12Ba2Ca2Cu30~ samples, respectively. For Ag- and
Au-doped BGS's the exponent n in (5) is equal to 2, indi-
cating the presence of SNS-type %L's. Hence noble-
metal doping mainly results in an enhanced Io(0) with
only a minor charge in the intergranular pinning force
density aJ(0). These observations of J,J enhancement
and pinning force density could be useful for technical
applications of BGS's.

It should be noted that the height of peaks in y"( T) de-
pends on the radius of the superconducting grains [see
Fig. 4(b)]. By a comparison with the data, the ouerage ra-
dius of grains in our samples is found to be around 2 pm,
which can be compared with the average grain size of
4—5 pm diameter observed by scanning electron micros-
copy (SEM). This method affords a convenient nondes-
tructiue determination of auerage grain size in bulk HTS's.

We compared the intergranular J, deduced from the

susceptibility measurements (which can be regarded as
the intrinsic intergrain critical current density) with the
critical current density obtained from an independent
transport measurement. Using a common criterion of an
onset current at 1.0 p, V/cm, we have determined the
values of transport J, (at 77 K)=600, 1400, and 2100
A cm for the undoped and Ag- and Au-doped
T12Ba2Ca2Cu30 compounds, respectively. The transi-
tion temperature T, was found to be also about 120 K.
The directly measured transport J, values are about an
order of magnitude lower than the corresponding intrin-
sic values. Two main factors could probably be responsi-
ble for this difference. Joule heating in the %L's during
transport measurements could cause a significant de-
crease in the observed apparent critical current. In con-
trast, the susceptibility measurements are more sensitive
to power loss in the %L's and only a very lorn probing
magnetic field (hence an extremely low induced current)
was used in the experiments. Also, the simplifying ap-
proximations about regular grains in the BGS assumed in

our model calculations, in which the effect of anisotropy
was neglected, as well as the deduced average grain size
should all be subjected to some corrections.

D. Model calculations (with a variable dc magnetic Beld)

Following the method discussed in the previous sec-
tion, similar numerical calculations were carried out to
obtain y"( T) in a variable dc field Hz, under the assump-
tion that H~, &H„. The results are shown in Fig. 4(c),
which are in good agreement with our data [e.g., Fig.
3(a)]. As expected, the peak shifts to lower temperature
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M -0.5

-1.0
90.0

0.5

0.0

100.0 110.0
I

120.0

, (b)

It is interesting to note that the ac field amplitude H„ap-
pears in this expression as a multiplicative factor rather
than an additive term with Hd, . This explains why the
effects of the ac susceptibility are so sensitive to H„, even
in the presence of a much higher dc field. Using the
values of aJ(0), H~, T~, and n determined before, T&
and the corresponding dc field Hz, satisfying Eq. (8}were
calculated numerically and plotted as open circles and
squares in Figs. 3(b} and 3(c). The calculated values Hd,
are noticeably higher than the actual values of applied dc
field (solid circles and squares in the same figures). This
difference can be understood in terms of an effect of
enhanced intergranular magnetic field discussed in the
following.
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FIG. 4. (a) Calculated ac susceptibility y'(T) and y"(T) for
T12Ba2Ca2Cu30~ with an average grain size Rg =2.0 pm. Num-
bers labeling the curves are ac field amplitude H„ in Oe.
Hd, =0. (b) Calculated as susceptibility y'(T) and y"(T) for
T12Ba&Ca2Cu30„with various grain sizes. Numbers labeling the
curves are values of Rg in pm. Field amplitude H„=4.0 Oe.
Hd, =0. (c) Calculated ac susceptibility g'(T) and y"(T) for
T12Ba2Ca2Cu30„ in different dc magnetic fields Hd, derived
from Eq. (8}. The ac field amplitude is kept constant at
H„=0.03 Oe. dc field values are Hd, /7. 5=0.16, 0.63, 1.58,
4.0, 6.3, 10.0, 15.8, and 39.8 Oe for the curves from right to left.

E. EB'ect of enhanced intergranular magnetic field

The difference between the calculated Hd, and actual
dc field Hd, can be explained by the effect of flux expul-
sion due to the superconducting grains. When the BGS
is cooled in zero field and Hd, is below the lower critical
field H„of the grains, flux expulsion by the grains will
cause a compression of flux lines in the intergranular re-
gion, thereby resulting in a higher local magnetic fiux
density. This effect has also been discussed by Evetts and
Glowacki' and by Levy et al. ' To account quantitative-
ly for this locally enhanced flux density, we have divided
the calculated values of Hd, in Figs. 3(b) and 3(c) by scal-
ing factors of 7.5 and 7.25, respectively, and replotted the
down-scaled values of Hd, as dashed curves in the same
figures. The agreement of the rescaled theoretical values
with experimental data points is quite good in the region
below the kink. The close fits thus indicate that the flux
line density in the intergranular region is increased by a
factor of about 7.5 before the field could penetrate into
the superconducting grains. We therefore identify the
value of Hd, at the kink as H, &, which signifies the onset
of dc field penetration into the grains. This method sug-
gests a convenient means for a direct determination of the
average value of H, &~

in a BGS.
It should be noted that a low ac amplitude (H„=0.03

Oe} was used for measuring the ac susceptibility y( T ) in
a variable dc magnetic field as shown in Fig. 3(a). This
requirement of low H„amplitude is essential in order to
avoid complications arising from the low-field irreversi-
bility line, " hysteresis, and disturbance of the order pa-
rameter if H„becomes comparable to H yg. Also, our
method for the determination of T,J is based on the lom-

Peld ac susceptibility as a continuous function of temper-
ature. This is different from the method used by Lam
and Jeffries. ' They measured y(T) as a function of H„,
which was allowed to exceed H„.

The calculated y(T) and the peak at T~z are generally
in good semiquantitative agreement with our experimen-



13 658 M. YANG, Y. H. KAO, Y. XIN, AND K. W. WONG

tal results. However, the calculated peak height at T is
somewhat higher than those measured. This discrepancy
is probably due to the fact that thermal fluctuations in
the actual experiments and the effects of finite low-field
penetration into the grains near the transition tempera-
ture were both neglected in the calculations.

IV. CONCLUSIONS

In conclusion, our measurements of the ac susceptibili-
ty have revealed new information about the effects of in-
tergranular magnetic field and chemical doping. %e
have demonstrated a method that can be employed for
convenient determination of the coherent phase-locking
temperature of coupled weak links in bulk granular su-

perconductors. Au and Ag doping can give rise to
significant enhancement of the inter granular critical
current density due to the formation of SNS weak links at
the grain boundaries. The susceptibility data obtained
with both ac and dc magnetic fields are found to be in
reasonable quantitative agreement with numerical calcu-
lations. Also, a method for determining the average in-
tragranular lower critical field has been found from the
variations of a peak with applied dc magnetic field.
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