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Anisotropy of flux trapping in Pbzsr2Yp &Can 7Cu&Os single crystals
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The angular dependence of magnetization of single crystals of Pb2Sr2Yo 3Cao 7Cu308 has been
studied for various cooling procedures, A series of samples with diferent demagnetizing factors
has been prepared. We succeeded in separating the material anisotropy from the sample shape
anisotropy in the magnetization measurements. It is shown that the "field-cooled" magnetization is
independent of the shape of the sample and reflects the anisotropy of the magnetic flux trapping. We
observe that the vortices are most trapped in the direction parallel to the Cu-0 planes. Our results
are consistent with the anisotropy of the irreversibility line observed in high-T, superconductors.

The layered crystal structure of high-T, superconduc-
tors (HTSC), produces anisotropy of many of their phys-
ical properties such as electrical resistivity, critical mag-
netic fields, and magnetization. A phenomenological ef-
fective mass tensor approach predicts the "easy" direc-
tion for the magnetic vortices parallel to the c axis. '
However, weak coupling of layers allows formation of
3osephson vortices along a-b planes. The vortices located
between the layers could be strongly pinned due to the
layered structure. 4 Feiner e] al. and Tuominen et at.
reported experimental evidence for the existence of the
vortex "easy" direction parallel to the c axis, and prefer-
ential trapping of the vortices in this direction. Earlier,
we have pointed out the relevance of demagnetizing ef-

fects in the interpretation of the remanent magnetization
measurements. The angular dependence of the magne-
tization could be substantially aAected by the shape of
the crystal ~

The main purpose of this paper is to show the ma-
terial anisotropy of the fiux trapping and pinning in a
single crystal of HTSC. In our experiment we used a
PbzSrzYpsCap 7CusOs single crystal. Crystals of this
compound grow relatively well in the c direction, giv-

ing samples up to 0.3 mm thick in the c direction. We
were able to prepare a sample with almost equal dimen-
sions parallel to the c axis and parallel to the a-6 planes.
Therefore we could perform magnetization measurements
on the sample with equal demagnetizing factors in these
two directions.

The magnetically measured onset of the superconduct-
ing transition of our crystal is 78 K. Preparation and ba-
sic characteristics of this material have been described
elsewhere. Magnetization measurements were initially
performed on a single crystal of dimensions 1.06 x 0.95 x
0.28 mm, denoted as No. I in Table I. Then the crystal
was cut into two parts by means of a wire saw, and the
measurements were repeated. The dimensions of these
two samples (Nos. 2 and 3) are also given in Table I.

We used a superconducting quantum interference de-

TABLE I. Dimensions and demagnetizing factors of
PbqSr2 Yo qCao 7Cu308 single crystals. Demagnetizing fac-

tors are calculated from the dimensions of the crysta. ls using
an approximation of the shape of the sample as an ellipsoid.

Crystal

No. 1

No. 2
No. 3

Dimensions
(mm)

In a-b plane Along c a.xis
106 0 95 0 28
1.06 0.62 0.28
1.06 0.25 0.27

Demagnetizing
factors

M
0.17
0.26
0.48

N
0.68
0.62
0.45

vice (SQUID) magnetometer for magnetization measure-
ments. The external magnetic field was applied along the
magnetometer axis. The magnetometer was equipped
with a rotary sample holdel', whose axis of rotation was
perpendicular to the magnetometer axis and parallel to
the a-6 planes of the crystal. The projections of the zero-
field-cooled magnetization (MzFc), field-cooled magneti-
zation (Mpc), and remanent magnetization (MttEM) on
the direction of the magnetometer axis were measured for
each of the crystals. In the case of the zero-field-cooling
(ZFC) procedure, the sample was cooled down below T,
in an ambient magnetic field (approximately 50 mOe).
The magnetic field H = 10 Oe (well below H, &) was
switched on at T = 4.2 K. The crystal was then rotated
in the magnetic field H and the angular dependence of
M2;pc was measured. The rotation angle 8 is the an-
gle between the magnetometer axis and the c axis of the
crystal (Fig. 1). In the case of the field-cooling (FC) pro-
cedure, the sample was cooled in the magnetic field of 10
Oe at a certain "cooling angle" 4 between H and the c
axis of the crystal. MFC was measured at T = 4.2 K.
Then the field was switched off and the initial remanent
magnetization MODEM was measured. The angular depen-
dencies of MFc(8) and MrtEM(8) were measured during
the rotat, ion of the crystal.

The results of the irieasui ensents of Mzi; c, My~, , and
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MREM are presented in Figs. 2(a), 2(b), and 2(c) for crys-
tals No. 1, No. 2, and No. 3, respectively. The horizontal
axis of the figures is the rotation angle 8 for MzFC, and
the cooling angle 4 for Myc and MREM measurements.

In our experimental data the formula MREM ——Mpc-
MzFp, predicted by the flux-pinning theory, is fulfilled
with a good accuracy for all angles.

The ZFC magnetization of the superconductor below
H, q is the result of the complete exclusion of the flux from
the sample. The angular dependence of MzFC reflects the
variation of the demagnetizing factor of the sample. We
approximate the shape of our crystal as an ellipsoid with
principal axes equal to the dimensions of the crystal. The
internal field (HI) is related to the applied field (HA) as
follows:

The demagnetizing factors M, N calculated from the di-
mensions of our crystals are given in Table I. Introducing
the demagnetizing factors into formula (5), and putting
g = —I/4sr, we were able to calculate the dependence of
MzF& on the rotation angle for all the crystals without
any fitting parameters. The dashed lines in Fig. 2 rep-
resent the calculated MzFc versus the rotation angle e.
The calculated curves reproduce the experimental data
very well.

The striking feature of the results presented in Fig. 2 is

.r'

5~
MREM

H yy
——HAq (1 + 4' Ds y)

j = z, y, z and the z direction is parallel to the c axis of
the sample. D& are demagnetizing factors for the field
applied parallel to the principal axess usually labeled
L, M, N for axes x, y, z, respectively. The magnetic
field is applied in the y-z plane (Fig. 1) and the sample
is rotated around the z axis. The absolute value of the
internal field as a function of the rotation angle 8 follows
the formula

HI(8) = HA[(1 —M) sin By(1—N) cos 8]ii2.

(2)

Our SQUID magnetometer measures the projection of
the magnetization on the magnetometer axis

M«

3K

2 3K MZEC

(a) crystal No. 1 ~
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Mzpc = gHI cos(8 —iIs)

(iIs is the angle between the internal field HI and the z
axis; see Fig. 1). Taking into account that

(b) crystal No. 2
-3 s s s I s i s s I s s s s I

tan iIs = HI&/HI, = (1 —N)(1 —M) tanB,

Eq. (2) can be transformed to

(4)
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MzFc = AHA[(1 —M) ' sin 8+ (1 —N) cos 8].

(c) crystal No. 3
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FIG. l. Internal magnetic field HI direction for the "flat"
zero-field-cooled sample in applied ma.gnetic field HA. a—a
line is the magnetometer axis.

angle (deg)
FIG. 2. Angular dependence of zero-field-cooled (Mzpc),

field-cooled (MFc), and initial remanent magnetization
(Mi't@M) for Pb2Srz Yo.3Cao 7Cu30z single crystals. The hori-
zontal axis is the rotation angle 8 for the ZFC measurements
and the cooling angle 4 for the FC and REM measurements.
ZFC and FC data were measured at T = 4.2 K in H = 10 Oe.
Dashed lines represent the results of the calculations of MzFc
using Eq. (5). Formula (6) is fitted to the FC magnetization
and shown as solid lines. Dotted lines are calculated using
the relation M~EM ——MFC —Mzyc.
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that the dependence of the Ft magnetization on the cool-
ing angle is almost identical for all three samples in spite
of significant differences on the demagnetizing factor ra-
tios N/M Th.e results of the cooling-angle dependence
of the FC magnetization, Mrc(C) for samples 1, 2, 3 are
collected in Fig. 3. They can be reasonably approximated
by formula

MFC A+ 8 cos 4.
The solid line in Fig. 3 is the best fit of formula (6) to
the experimental points for all three samples.

The lack of an influence of the demagnetizing effect on
the FC magnetization may be explained in the following
way. The magnetic susceptibility at the irreversibility
line, where the magnetic fiux is trapped, is far from the
ideal one. Therefore the increase of the internal mag-
netic field, due to the demagnetization effect, is rather
small, according to Eq. (1). Besides, this increase of
Hy produces even smaller changes of the magnetization,
because the applied magnetic field H~ ——10 Oe signifi-
cantly exceeds H, ~ at the irreversibility temperature. We
conclude, therefore, that the angular dependence of MFc
reflects the intrinsic material anisotropy of the crystal.
The maximum of MFc observed for the cooling angle
4 = 90' (i.e. , H J c) indicates that the easy axis for flux
trapping is parallel to the a-b planes. This observation
is in agreement with the anisotropy of the irreversibility
line, measured in HTSC. ' '' In a. given magnetic field,
the irreversibility temperature is higher for H J c than
for H II c. During the cooling process in the magnetic
field, the vortices are partially trapped in the a-b planes,
when the temperature crosses the upper irreversibility
line. Some of the vortices move out from the sample or
rotate to align themselves with the a-b planes, as long as
the temperature is higher than the temperature of irre-
versibility along the c axis. As a result the anisotropy of
magnetic flux trapping is observed,

Now, having MzFc versus rotation angle calculated
and MFc versus cooling angle fitted to the experimen-
tal points with a formula independent of the shape of the
samples, we can calculate MREM versus cooling angle ex-
ploiting the formula MREM = MFc MzFc ~ Dotted lines
in Fig. 2 represent the remanent magnetization versus
cooling angle calculated without any fitting parameters
[except for MFc(4), which is taken from experiment] for
our crystals. The calculated curves reproduce quite well
the values measured for MRFM(C) as well as the varia-
tion of MrtEM(4) when the ratio of the demagnetizing
factors N/M changes from 3.9 for crystal No. 1 to 0.92
for crystal No. 3. The MrtEM(4) dependence for crystal
No. 3 [Fig. 2(c)] is very slightly affected by the demagne-
tizing effect (the demagnetizing factor ratio N/M is close
to 1) and reflects the intrinsic anisotropy of the magnetic
flux trapping. The biggest remanent magnetization was
found for the magnetic field parallel to the a-b planes.

We have measured the dependence of all three magneti-
zations of MZFC, MFC, and MREM on the rotation angle
e. The results obtained for two cooling angles 4 = 0
and C = 60' for sample No. 1 are presented in Fig. 4 and
show that the sum Mvc = Mzvc+ MREM is fulfilled very
well. Measuring the dependence of MzFc and MREM on
the rotation angle 8 we can easily calculate the angular
dependence of MFc. Therefore, we limited our further
measurements to the angular dependence of MREM.

The projection of t, he remanent magnetization on the
magnetometer axis (MODEM) during the rotation of the
sample was measured to determine the direction of the re-
manent magnetization vector M REM for var ious cool in g

angles. Typical angular dependence of MREM is shown
in Fig. 5. The results are fitted by the formula

M«M(e) = M„;" cos(e —e (7)
where 8M is the angle at which MODEM(e) attains its
maximum value during rotation. 8M is therefore the
angle between the c axis of the crystal and the magne-
tization vector trapped in the crystal during the cool-
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FIG. 3. The field-cooled magnetization for three

Pb2Sr2 Yo 3Cao 7Cu308 crystals. The samples were cooled
down to 4.2 K in magnetic field 10 Oe at the angle 4? be-
tween the applied field and c axis of the crystals. Solid line
is a fit of formula (6) to the experimental data.
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FIG. 4. Angular dependence of the field-cooled magneti-

zation for crystal No. 1 for two cooling angles 4. For compar-
ison, angular dependence of the sum Mzpc+ MR.EM is shown.
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FIG. 5. Angular dependence of the remanent magneti-

zation of the Pb2Srp Yp.3Cap. 7Cu308 single crystal. Ci' is a
cooling angle between the applied magnetic field and the c
axis of the crystal during cooling process. OM is the angle at
which the maximum of the magnetization is observed during
rotation of the crystal. The solid line is a fit of Eq. (7) to the
points.
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FIG. 6. The angle eM between the applied magnetic field

and the direction of the remanent moment as a function of the
cooling angle 4 for crystals No. 1 and 3. Solid line and dashed
line are the dependencies calculated according to Eq. (4) for
isotropic samples with the demagnetizing factors equal to
those of samples No. 1 and 3, respectively.

ing process. 8M versus cooling angle for samples No. I
and No. 3 is presented in Fig. 6. One can observe that
the magnetization deviates from the applied field direc-
tion toward the c axis for crystal No. 1, but toward the
line parallel to the a-b planes for crystal No. 3. We have
also calculated 8M for isotropic samples with dimensions
equal to those of our crystals. In this case, eM is equal
to 4' given by Eq. (4). The calculated angular dependen-
cies of e M are drawn as a solid line for sample No. 1 and
a dashed line for sample No. 3. We note only small differ-
ences between measured and calculated 8M for crystal
No. 1, indicating that the direction of the NREM vector
in the crystal is governed mainly by the demagnetizing
effect. Substantial deviations of the measured 8M from
the calculated dependence on the cooling angle 4 for sam-
ple No. 3 reflect the material anisotropy of flux trapping.
This supports our former conclusion that the a-b plane
is the preferred orientation for trapped vortices.

We have found experimentally that the measured FC
magnetization of Pb~Sr~ Yo sCao &CusOs crystals is not
affected by the demagnetizing effect. Therefore the de-
pendence of the FC magnetization on the cooling angle
reflects the pinning anisotropy only. The preferred di-
rection for flux trapping is parallel to the a-b planes.
We have shown, that the angular dependencies of the
ZFC and REM magnetizations can be calculated (in good
agreement with the experimental data) from the dimen-
sions of the crystals, taking into account the demagne-
tizing effect and the magnetization versus cooling angle
dependence. The angular dependence of the REM mag-
netization is affected by the material anisotropy and the
demagnetizing effect. The results of the measurements
of the REM magnetization versus the rotation angle on
crystal No. 3 support the conclusion, that the easy axis
for flux trapping is parallel to the a-6 planes.
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