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Magnetic field penetration depth of polycrystalline (Y,Gd) SazCu307, grain-aligned YSazCu307,
and single-crystal SizSr2CaCuzog
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The magnetic field penetration depths X(T) of the title compounds are determined from high-
field (H=2. 5 to 5 T) magnetization jrI versus applied magnetic field H isotherms, by use of a
new method of data analysis in the region H, l «H«H, 2 where M is reversible and linear in the
logarithm of H. All of the X(T) results are consistent with behavior expected from BCS theory,
indicating a nodeless superconducting order parameter. The magnitudes of A, (0) are similar to re-
ported values obtained using independent methods.

The magnetic penetration depth X of a superconductor
governs its magnetic behavior and provides insight into
the pairing mechanism. There have been many measure-
ments of both the magnitude and temperature dependence
of this quantity for the high-T, cuprates, but the results
are sometimes conflicting. The techniques utilized so far
for YBa2Cu307 (Y-Ba-Cu-0) include muon-spin rotation
(pSR), ' ac, and dc (Ref. 4) magnetic susceptibility
g(T), low-field Meissner effect, neutron reflection, mi-
crowave surface impedance, and kinetic inductance '

measurements. Most of these experiments give results
consistent with conventional s-wave pairing, ' '

while others suggest a different pairing mechanism as
reflected in a non-BCS temperature dependence of X. '

Most published work with polycrystalline samples does
not address the highly anisotropic nature of these materi-
als and at best can give only a rough averaged value of k.
Herein, we present determinations of X(T) for polycrys-
talline Y-Ba-Cu-0 and GdBa2Cu307 (Gd-Ba-Cu-0) ob-
tained from high-field magnetization M versus applied
magnetic field H isotherms in the intermediate-field re-
gion H, i «H«H, 2 where M(H) is (nearly) reversible,
using the new analysis technique suggested by Kogan,
Fang, and Mitra. " Our method allows us to obtain a
well-defined average value (K) of X, in which the X anisot-
ropy and the angular distribution of crystallites are explic-
itly taken into account. We also derive X(T) for grain-
aligned Y-Ba-Cu-0 with Hsc and for a single crystal of
Bi2Sr2CaCuzOs (Bi-Sr-Ca-Cu-0) with Hllc.

The theoretical basis and motivation for this work has
been discussed in Ref. 11, so only a brief summary is pro-
vided here. In the high-T, cuprates, there exists a broad
field domain H, i«H«FE, 2 in which, on the one hand,
the vortex cores are not overlapped and one can use the
London approach and, on the other, the depth A, substan-
tially exceeds the intervortex spacing L, so that the
vortex-vortex interaction is proportional to ln(L/X). The
reversible magnetization M in this domain can be shown
to be linear in the logarithm of the applied field (see Ref.
11 and references cited therein). The slopes of the
straight lines M(lnH) are given by

dM(0) 0o dM(tr/2) t0~o

d(lnH) 32tr21, 2;„d(inH) 32trzk;„A, ,„

for Hllc and HJ c, respectively. Here, po is the flux quan-
tum Itc/2e; A, ;„and X,„are related to K by
K=(X;„X,„)'t and to the supercarrier effective-mass

nt3t X = y
t K (the masses are normalized by

rrt i ttt 3
= 1 ).

In a field of a few tesla, M is on the order of a few gauss
or less. Therefore, diA'erences between the magnetic in-
duction, the internal field, and the applied field are small
both in their values and directions. For this reason,
demagnetization effects can be neglected in this field re-
gime, thereby allowing one to obtain the magnetization of
a powder sample with randomly oriented grains by direct
summation of the magnetic moments of the individual
grains. For the powder averaged magnetization M thus
obtained from Eqs. (1) we find"

dM/d(lnH) (p /64tr~k )g(y),
where

One can And k at various temperatures by measuring the
slope of the straight lines M(lnH), provided that the an-
isotropy parameter y is known and that 0 is large enough
such that M is (nearly) reversible; the latter condition im-
plies a negligibly small critical current density. Similarly,
using grain-aligned powder samples or single crystals, one
can determine values of X;„(T) and X,„(T) using Eqs.
(1). One can then find the anisotropy parameter
y X,„/A, ;„(m3/mi)'; for reasons given below, we
could not utilize this possibility in the analysis of the
present experiments.

The results for three polycrystalline samples are report-
ed here. The first one (Y-Ba-Cu-0 1) was Y-Ba-Cu-0
prepared from high-purity Yz03, BaC03, and CuO. The
mixture was sintered at 940'C for three days with inter-
mediate grindings, then pelletized and sintered in flowing
oxygen at 940 C for 20 h and cooled over 36 h to room
temperature. A second Y-Ba-Cu-0 sample (Y-Ba-Cu-0
2) was prepared and the free-flowing powder was grain
aligned below T, with H&c in situ in the magnetometer
as described elsewhere; by comparison with single-crystal
results, essentially complete alignment was achieved. ' '
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TABLE I. X, (0) and T, values for YBa2Cu307 (Y-Ba-Cu-O), GdBa2Cu307 (Gd-Ba-Cu-O), and Bi2Sr2CaCu20s (Bi-Sr-Ca-Cu-O)
samples. From Meissner effect data in a field of 50 6, T, I is the superconducting onset, T,2 is 10% of saturation, and T,3 is the mid-

point value. From resistance measurements, T, ~ is the onset value, T,2 is the midpoint, and T,3 is the zero-resistance temperature.
The X, A, ;„,and A, ,„values are extrapolations to T =0; for Y-Ba-Cu-0 and Gd-Ba-Cu-0, @=5 is assumed.

Sample

Y-Ba-Cu-0 1'
Y-Ba-Cu-0 2 '
Y-Ba-Cu-0 2"
Gd-Ba-Cu-0'
Bi-Sr-Ca-Cu-0

2900
2200

2500

~min

1700
1290

1460
3000

~max

8480
6430

7310

Tc I

(K)

92. 1

92. 1

91.8
92.2
84.8

Meissner data
TC2

(v.)

91.2
91.1
91.4
91.4
84.0

TC3

(K)

89.2
87.5
88. 1

90.7
81.3

Tc 1'

93.5

92.7
92.7

Res&stance data
TC2

(v.)

92.6

92.0
92.0

Tc3'

(v.)

91.4

90.7
90.7

'Randomly oriented powder pellet.
Free-flowing powder oriented with H&c.

'Heat-capacity data (Ref. 20) yield the bulk T, ~ 90.8 K.
Single crystal with HIIc.

tend down to 2.5 T. The values of K(0), A, ;„(0), and
A, ,„(0) for the samples are shown in Table I (the latter
two were calculated using y-5).

A 2.3-mg single crystal of Bi-Sr-Ca-Cu-0 was prepared
by heating single-phase powder to 950'C and slow cool-
ing to room temperature. The g(T) in H =1 T showed no
impurity Curie contribution above T, . For Hllc, M(lnH)
was linear and reversible for H 2 to 5 T above 35 K.
The values of k~;„(T) were obtained using the first of Eqs.
(1). k;„(T)/A, ;„(0) is plotted versus (T/T, ) in Fig.
2(b). The value of k;„(0) is 3000 A, about twice that es-
timated above for Y-Ba-Cu-0. This implies that with
Hllc, K, ~(0) for Bi-Sr-Ca-Cu-0 is about four times
smaller than for Y-Ba-Cu-O. ' For H~c, M was small
and the signal-to-noise ratio too small to obtain a reliable
estimate of A, ,„(0);further experiments are in progress to
determine X(T) for H J c more precisely.

In Fig. 2, T, was defined as the superconducting onset
as obtained from low-field Meissner data (Table I). With
this choice of T„k(T) tends to follow the BCS clean-limit
prediction, a trend seen by other investigators. ' lf the
Meissner effect midpoint T, values (Table I) are used in-
stead, the X, (T) curves shift towards the two-fluid relation.
Horizontal error bars on the data points in Fig. 2 indicate
the shift in the data due to this different choice of T, ; the
lower and upper temperature bars correspond to defining
T, as the 10 and 50 1o Meissner transition points, respec-
tively. It is clear from Fig. 2 that the deviation of A, (T)
from the results using T, as the Meissner effect onset can
be substantial (e.g. , for Y-Ba-Cu-0 2). Other recent
measurements' also find X(T) consistent with the two-
fiuid result if the midpoint T, value is used; we have found
that if these data are replotted with the onset T, used in-
stead, X, (T) is closer to the clean-limit result. We thus
reemphasize the importance of the definition of T, in in-
terpreting the detailed shape of X(T). For sample Y-Ba-
Cu-0 2, heat-capacity measurements show a peak at
90.8 K; thus, comparison with Table I suggests that the
10% Meissner transition point may be the best choice for
T, . Derived A, (T) data which deviate from BCS behavior
altogether ' may arise from a broad distribution of T, in
these samples.

Within the experimental uncertainties, the temperature
dependences of X in Fig. 2 are consistent with the range

predicted from BCS theory. This suggests that there are
no nodes in the superconducting order parameter. How-
ever, our lowest-temperature data are not sufficiently pre-
cise to differentiate between an exponential dependence on
temperature (no nodes) and a power-law dependence
(nodes present '). On the other hand, Gross et al. ' have
calculated A, (T)/A, (0) for T ST, for the axial (two point
nodes) and polar (equitorial line of nodes) states and
found that [A, (T)/X(0) —I l differs considerably from BCS
behavior for certain field orientations not only at low tem-
perature for which the power-law behavior is found, but
also all the way up to T—T, . For example, at
T/T, =0.75, the axial phase has A, (T)/X(0) =2.0 for K
perpendicular to the gap symmetry axis, much larger than
the BCS value of ~ 1.4 ("(" refers to other than the
clean limit). Similarly, for the polar state with H parallel
to the symmetry axis X(0.65T, )/X(0)=1.9, whereas the
BCS value is ~ 1.2. These large differences from BCS
behavior would have been detected experimentally in the
data in Fig. 2 for Y-Ba-Cu-0 2 (Hic) and the Bi-Sr-
Ca-Cu-0 crystal (Hllc), respectively. Finally, for states
with nodes in the gap, the temperature dependences of
X;, and X,„are, in general, different. ' In terms of the
mass tensor formalism this would imply a temperature-
dependent ratio m3/m~, which in turn would lead to a
complicated temperature dependence of X, in contrast to
the data for the randomly oriented sample Y-Ba-Cu-0 I
in Fig. 2(a). Moreover, that both k;„for Bi-Sr-Ca-Cu-0
in Fig. 2(b) and X,„ for Y-Ba-Cu-0 2 in Fig. 2(a) have
the same BCS temperature dependence means that
& „(T)/);,(T) =(m3/mf) ' is independent of T in both
materials, provided the underlying mechanism for super-
conductivity in each is the same. We conclude that our
data do not support either the axial or polar state possibil-
ities.

The magnitude of our X(0) for Y-Ba-Cu-0 is in good
agreement with results of several groups. Jackson et al.
estimate X(0)=3000 A from dc g(T) measurements.
With anisotropy effects taken into account, Schenck' finds
X(0)=3000 A from @SR experiments. Recent single-
crystal A, (T) data obtained using low-field dc M(T) (Ref.
5) and @SR (Ref. 2) measurements yield k;„(0)=1400
A. Using Eq. (2) and our k(0) data, we obtain (Table I)
X;„(0) in the range 1290-1700 A and X,~,„(0) between
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6400 and 8500 A; these values yield X(0) 2200-2900 A.
Here we have assumed the anisotropy ratio y 5 in accor-
dance with recent estimates. In view of possible
differences in preparation, impurities, grain-boundary
effects, and other factors, the agreement is quite good.
Also, our results are in agreement with estimates of
A, ,„(0) from the pSR experiments of Uemura et al. ' on
grain-aligned powder (6000 A) and of Harshman et al.
on single crystals ( & 7000 A).

In summary, we have derived the temperature-de-
pendent penetration depths of YBa2Cu307, GdBa2Cu307,
and Bi2Sr2CaCu20s from high-field M(H) isotherms.
We have demonstrated that the method is a simple and vi-

able way to estimate A, (T) with anisotropy effects taken
into account. Our results for both Hllc and Hic are con-
sistent with BCS predictions for A, (T) of s-wave supercon-
ductors, indicating a nodeless superconducting order pa-
rameter. Our estimates for X(0) for Y-Ba-Cu-0 are in
good agreement with recent measurements on single crys-
tals.
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