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By quenching the tetragonal phase during crystal growth of YBa2Cu307 z and then oxygenating
the crystals without mechanical stress, we obtain some essentially untwinned crystals. Magnetic
measurements on such crystals, with fields applied along the a or b axis, show anisotropy. A quali-

tative analysis of our relaxation and hysteresis data indicates that the critical current density is

higher along a than along b (the chain direction). The anisotropic Meissner percent data show that

pinning is higher for fields along b than along a.

I. INTRODUCTION

Is there any anisotropy in the superconducting proper-
ties of YBa2Cu307 & between the a and b directions?
What role do the (110) twinning planes play in determin-
ing the properties? These questions have been dimcult to
answer since the discovery of this high-temperature su-
perconductor because YBa2Cu307 & crystals without
significant (110) twinning were unavailable. Recently we
have developed a procedure of producing some
untwinned, stress-free crystals. There are two reasons for
finding a way of producing untwinned crystals without
subjecting them to stress. First, there is always a possi-
bility that the application of stress will introduce disloca-
tions or other structural defects. Second, some crystals
are too thin to withstand the required stress; thin crystals
are especially desirable, since one can oxidize them uni-
formly in a reasonably short time. In this paper we de-
scribe our preparation procedure, and present magnetic
measurements on three untwinned single crystals of
YBa2Cu307 & having sharp superconducting transitions
near 90 K. Since our crystals are untwinned, we are able
to report measurements with the magnetic field applied
along all three crystal axes, determining whether there is
any anisotropy between the effects obtained with H along
the b axis (the Cu-0 chain direction) and along the a axis
(perpendicular to the Cu-0 chain direction). One previ-
ous study compared an untwinned crystal to twinned
crystals, but did not report any measurements for H ap-
plied along a or b. '

The magnetic properties of high-temperature super-
conductors exhibit some interesting and novel features
below T, . One of these is the ease with which fluxons
(quantized fluxoids) can be made to move. This feature,
caused by the relatively high temperatures and low pin-
ning energies, manifests itself in many ways, including
easily observable decay of the magnetization with
time. This magnetic relaxation is important because it

shows that high-temperature superconductors may not be
able to support persistent currents indefinitely. Another
related property is the field dependence of the Meissner
fraction, which can serve as a probe of the pinning ener-

gies. It has been suggested that pinning is an intrinsic
property of the crystal lattice because of the short coher-
ence lengths in these superconductors. Thus, the pin-

ning might be expected to be anisotropic in the a-b plane.
In this paper we report measurements of the anisotropy
of three different properties: the field dependence of the
Meissner fraction at low fields, hysteresis loops at low
temperature, and the temperature dependence of magnet-
ic relaxation.

II. CRYSTAL PREPARATION

The untwinned crystals used in this study were grown
in air by a slightly modified version of the Cu-0 flux
growth procedure described by some of us previously.
That paper describes slow-cooling the melted flux to
830'C and then gradually cooling to room temperature
over a period of several more hours. Crystals grown that
way generally were orthorhombic, and exhibited (110)
twinning even before the postgrowth oxygen anneal.
That result indicated that the gradual cooling through
the tetragonal-to-orthorhombic transformation tempera-
ture (near 650'C in air' ) started the conversion. Since
the crystals were buried within cavities in the solidified
matrix, they were probably under randomly oriented
mechanical stress while undergoing the phase transfor-
mation. Observations of the mobility of twinning planes
under mechanical pressure at these temperatures"
confirm that randomly oriented mechanical stresses
should be able to assist in the formation of twinning
planes during the latter segment of the crystal growth
temperature cycle. Thus, in later growth attempts we
have quenched the crystals to interrupt the slow-cooling
segment from a temperature lying between 830 and
865 C. We did this by pulling the crucibles out of the
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furnace. The quenching-in of the tetragonal phase is
confirmed by optical microscope observations; isotropic
extinction was seen in reflection mode along the c axis
with polarizers crossed. The tetragonal crystals were
then laid flat on a smooth wafer of polycrystalline
YBa2Cu307 & during a postgrowth oxygenation pro-
cedure that was used to convert them to orthorhombic
crystals having sharp superconducting transitions near 90
K.' The crystals were subject to no mechanical stress
while being converted from tetragonal to orthorhombic.

All crystals produced this way were viewed under a po-
larizing microscope, as described in Ref. 12. About 40%
of the crystals include untwinned domains larger than
100X 100 pm in the ab plane, about 5% have
untwinned domains larger than 300X300 pm, and oc-
casionally (about every third or fourth successful growth
attempt) we obtain a crystal having an untwinned region
approximately 1X1 mm . Our typical crystals have a
thickness along the c axis of about 25 pm. In some cases,
the untwinned regions make up only part of an otherwise
heavily twinned crystal. In other cases, a crystal is made
up of a few oppositely oriented untwinned domains,
separated by an odd number of closely spaced (110) twin-
ning planes. Thus, some crystal cleaving is usually neces-
sary in order to isolate untwinned regions for experi-
ments that cannot be done on just part of the sample.

The samples used in the present study were cleaved
from their parent crystals by using a simple apparatus
consisting of a pair of razor blades mounted parallel to
each other and individually controlled by micromanipu-
lators. The crystals could be viewed under an optical mi-
croscope during the cleaving operation. This arrange-
ment provided the necessary rigidity and control of the
cleaving position.

Measurements were performed on the three crystals
shown in Fig. 1. The pictures were taken in an optical
polarizing microscope with white light reflected from
(001) faces. The polarizer and analyzer were crossed, and
the crystals are shown oriented with the [110]axis along
the polarizer direction. In this orientation, the dense
twinning so prevalent in most other YBa2Cu307 & crys-
tals shows up as dark, straight striations along [110/110]
directions. ' The crystals in Fig. 1, however, are seen to
be almost completely devoid of such striations. Crystals
1 and 3 each show one striation near the center, but this
striation must contain an even number of (110) twinning
planes, since optical microscopy shows that the regions
on either side of it have the same orientation. Crystal 2
has a small, oppositely oriented domain in one corner.
While these three crystals are not perfectly untwinned in
the strictest sense, the degree of twinning and the fraction
of oppositely oriented domain are so small that they
should not affect our measurements significantly.

The axis identifications shown in the pictures are based
on the color of the domains viewed in our microscope, as
described previously. ' Since Crystal 1 has an irregular
shape in the a-b plane and its crystal axes are not aligned
with its edges, its magnetic data are harder to interpret.
However, Crystals 2 and 3 have a square a-b geometry,
and the a and b axes are aligned with the edges. Thus, to
account for demagnetization effects in the analysis, we

simply use the demagnetization factors for the inscribed
prolate ellipsoid having an axis of revolution parallel to
the c axis. ' The values used are listed in Table 1.
Within this approximation the internal field strength H is

Crystal 1

b

N

Crystal 3
FIG. 1. Polarized light micrographs of the crystals used. P1

and P2 indicate the polarizer and analyzer directions, respec-
tively, and the a and b axes were identified by an x-ray traceable
technique based upon the color contrasts as described in Ref.
12.
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Crystal Mass (pg) D (pm) R (mm) Nab

128
58

362

22
25
98

0.33
0.47

0.03
0.07

0.94
0.86

TABLE I. Geometrical characteristics of the crystals used.
D is the crystal thickness along c and R is the equal-area radius
in the a/b plane. N, b and N, are the calculated demagnetiza-
tion factors for H perpendicular and parallel to the c axis, re-
spectively. x
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uniform, and is the same for an applied field H, along a
and b. This is a much better approximation for Crystals
2 and 3 than for Crystal 1.

III. MEISSNER EFFECT

Each of the three crystals showed a sharp ( & 2-K wide)
superconducting transition near 90 K in the low field (10
Oe) magnetic susceptibility. The zero-field-cooled sus-
ceptibility values are consistently near —1/4m, indicating
full diamagnetic shielding, but the field-cooled values
(Meissner fractions) vary for several reasons. Since flux
pinning prevents complete expulsion of the magnetic
field, the Meissner fraction is expected to vary from crys-
tal to crystal because of sample-dependent differences in
the strength of the pinning. The Meissner fraction also
depends inversely on the applied magnetic field. ' In ad-
dition, we have found that it depends on how quickly the
crystal is cooled through the superconducting transition:
slower cooling increases the Meissner fraction. Finally,
as we shall discuss below, it depends on the orientation of
the magnetic field with respect to the crystal.

To probe the a banisotrop-y, we carried out measure-
ments on Crystal 3 using a noncommercial low-field
SQUID magnetometer. The crystal was mounted rigidly
in a Mylar holder, which was in turn held to a copper in-
sert tip by means of a Mylar flap. Temperature sweeps
through T, at diferent fields were performed with the
crystal in one orientation (H along a). The crystal was
then warmed up to room temperature and rotated, and
the measurements were repeated in the other orientation
(H along b). For each orientation, an initial zero-field-
cooled temperature sweep at 10 Oe verified full shielding,
and the zero-field-cooled values for each orientation
agreed to within 1.4%. The procedure used during the
Meissner percent measurements was to cool the sample
monotonically at a rate of 1 to l.5'!min from above 95 K
to below 75 K. Data were then taken while warming
monotonically through T, at a similar rate. The reprodu-
cibility of data obtained by this procedure was verified.

Typical temperature sweep data are shown in Fig. 2.
The a-b anisotropy seen is clearly outside of the scatter.
The Meissner fractions found from all of the temperature
sweeps on Crystals 1 and 3 are plotted in Fig. 3 as a func-
tion of applied magnetic field. The cooling rates were
generally much faster and not as carefully controlled for
the data of Crystal 1. Nevertheless, we see the same qual-
itative behavior in both crystals: the Meissner percent is

T (K)

FIG. 2. The field-cooled magnetization for fields oriented

along a and b at 10 Oe in Crystal 3.

greater for fields along a than along b in the field range
1-20 Oe.

IV. HYSTERESIS

Measurements of the magnetic hysteresis were per-
formed on the three crystals with the field oriented along
each of the three principal axes. The hysteresis loops
were measured with a Quantum Design SQUID magne-
tometer at a fixed temperature of 5 K. Each crystal was
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FIG. 3. Field dependence of Meissner percent in Crystals 1

and 3. The lines are guides for the eyes. For clarity, error bars
(showing a 90% confidence level) are shown only for the
Crystal-1 data. At the lowest fields, there is no anisotropy in
the a-b plane, to within the uncertainty of the measurement.
The data for Crystal 3 are similar.
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mounted in a gelatin capsule with cotton holding it
against the inside wall, and this capsule was held rigidly
to the sample rod by means of a long plastic straw. A
linear fit to the field dependence of the sample holder's
magnetic moment was subtracted from the data, but this
gave a negligible contribution for fields below 10 kOe.
The same sample holder was used for orientation along a
and b. Since magnetic relaxation, to be discussed in Sec.
V, is significant, the hysteresis cycles for each crystal
orientation were performed at the same rate of 0.09
point/min. A comparison of the data for H along a and b
in Crystal 2 is shown in Fig. 4. The same qualitative be-
havior was seen in the data for the other two crystals:
the hysteresis for fields along b was significantly greater
than that for fields along a.

For completeness, we also show the hysteresis loop on
Crystal 3 for 0 along c in Fig. 5. Here no gelatin capsule
or cotton was used; the crystal was taped to a flap cut
from the straw using Kapton tape. This sample holder
gave a negligible moment over the whole field range com-
pared to the larger crystal moment for this orientation.
The hysteresis for the field along c is much greater than
that for the field perpendicular to c, as in twinned crys-
tals. '4

V. MAGNETIC RELAXATION
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FIG. 4. Hysteresis loops in Crystal 2 for H along a and b,
measured at 5 K, using the same cycle time.

Measurements of the time decay of the zero-field-
cooled magnetic moment were performed on all three
crystals, with the applied field along each of the three

FIG. 5. Hysteresis loop in Crystal 3 at 5 K with H along c.

principal axes. (An S.H.E. SQUID magnetometer was
used. ) In each case, the crystal was mounted in a gelatin
capsule with cotton holding it in place. The capsule was
in turn tied rigidly to a long Pyrex rod that was hung
from the sample support hook of the magnetometer.
Since the ends of the Pyrex rod did not pass through the
magnetometer coils while the data were taken, the rod
made a negligible contribution to the signal. The mo-
ments of the cotton and capsule were also negligible at
the 1-kG field used.

Each relaxation measurement was performed by the
following procedure. Before the sample was loaded, the
field was set to zero and the temperature was set to the
desired value. After the temperature was equilibrated to
within 1% of the desired value, the sample was lowered
into the cryostat at a speed of 20 mm/min. We have
found that such a slow loading in this magnetometer al-
lows the crystal to cool through 90 K before it is exposed
to the small remanent field (typically —4 Oe) of the su-
perconducting magnet, thus providing a nearly zero-field
cool-down. Also, the temperature was not perturbed no-
ticeably by loading the sample this slowly. A field of 1

kG was then applied in a reproducible way by the com-
puter. After the field was latched and the magnet and
shield relaxation effects had subsided, the magnetic mo-
ment at constant field and temperature was monitored for
about an hour. Finally, the sample was warmed above 90
K by raising it into the room-temperature isolation space,
and the whole procedure was repeated at the next tem-
perature.

The data from six typical measurements on crystal 2



6536 J. P. RICE et al. 41

-22

-24

H =1kG0 T= 35K
~ & I I I I l I I I ~ I ya

0R040
0

0 4

-200 0 4

-26

-27I
c -28
0

-29
N

-30

0 -31

O

~ -300

Q

-400

C)
m -500
O

0~ -600

4
4

4 04

~44'(h4

0
4

= 1 kG II ca
0 Crystal 2

4Crystal 3

-700
0

0
0

0
~0

8QQ 4 I I I I I I I ~ I ~ I ~ I ~ I i ~ ~ I

910 20 30 40 50 60 70 80

Time (min)
20 40 60 80

Temperature (K)
100

FIG. 6. Time decay of the zero-field-cooled magnetization of
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FIG. 7. Mo vs T for H, =1 kG along c of Crystals 2 and 3.

with H along c for Crystals 2 and 3 are shown in Figs. 7
and 8. The anisotropy of S between H along a and along
b is compared for all three crystals in Figs. 10—12.

are plotted in Fig. 6. In agreement with other investiga-
tors, we find that the data fit a logarithmic relaxation:

M(t) =M, +S ln(t /to) .

Figure 6 shows that our data at 35 K deviate from this
equation at short times. We find the deviation to be an
increasing function of the temperature. Hence, care must
be exercised in using Eq. (1), as others have noted (see,
e.g. , Ref. 15). The three top sets and the three bottom
sets of data in Fig. 6 correspond to H along a and b, re-
spectively. A11 of these data were taken at a temperature
of 35 K and an applied field of 1 kG, and the crystal was
completely removed from the sample holder between the
acquisition of subsequent data sets. Thus, a comparison
between the slopes of the top three sets or the bottom
three sets gives ao idea of the reproducibility of our pro-
cedure, and a comparison of the slopes of the top sets
with those of the bottom sets indicates the degree of an-
isotropy of magnetic relaxation at this temperature and
field. Both the procedure and the anisotropy were repro-
ducible, even when a different magnetometer (with a
different sample mounting scheme) was used.

Our reduction of the data according to Eq. (1), using
to =20 minutes, yields Mo (M at 20 min) and S
(dM/d lnt) as a function of temperature at an applied
field of 1 kG. The temperature dependences of Mo and S

VI. ANALYSIS

—1 10H 25H
4~@J 12 2R 2J2

—RJ,o/30,

T(T*

(2a)T&T

(2b)

Let us first consider the temperature derivative

(dMoldT ) of the data of Fig. 7 as shown in Fig. 9. Note
that the temperature dependence of dMO/dT is strikingly
similar to S (Fig. 8), though they are by no means equal.
Within the experimental uncertainty, the temperatures of
the peaks for both quantities are the same for each crys-
tal. This also occurs when the field is applied along the a
or b directions, as can be seen by comparing Figs. 11 and
13, and Figs. 12 and 14. This peak temperature, which
we denote as T*, is clearly crystal dependent and orienta-
tion dependent. This suggests that the data can be quali-
tatively understood in terms of Aux creep within the
critical-state model of Bean, ' which predicts a crossover
in the equations for the temperature dependence of Mo
and S at a temperature which we identify with T*. The
crossover occurs when the flux fronts meet at the center
of the sample. For example, for a cylinder of radius R in
an axial field H,
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Here we have simply substituted 4n J,cR/10 for H* in

Bean's results. ' The temperature dependence of Mo is
implicit in J,o, which falls off sharply with temperature in

YBazCu307 s. Practical units (i.e., Oe, cm, and A/cm )

are used in these equations and throughout this paper.
Physically, H* and T* are the minimum field and tem-
perature, respectively, for which flux penetrates the en-
tire sample: T* is the temperature at which H, the inter-
nal field as corrected for demagnetization, equals H'.
J,o, the critical current density in the absence of flux

creep, is related to J„the measured critical current den-
sity, by'

J,=J,0[1 (kT/—E)ln(t /~)] . (3)

Here E is the activation energy for a fluxon hopping over
a barrier, assumed for simplicity to be the same
throughout the sample, and 1/r is the characteristic at-
tempt frequency. The measurement time t is 20 min in
our measurements. Yeshurun et al. ' have analyzed
their flux creep data by combining Eq. (3) with the Bean
model. In their simplest result, which assumes J, in-

dependent of H and ignores H, &, they find for a cylinder,
to lowest order in kT/E,
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the same interesting feature: S increases with decreasing

J,p below T*, but decreases with decreasing J,p above
T*. This qualitative behavior holds for the case of a slab
as well. (We shall return to this point later. }

We now consider the application of Eq. (2) and (4) to
the data of Fig. 7 and 8, respectively. Referring to Table
I, we see that the demagnetization factor N, of Crystal 2
is significantly higher than that of Crystal 3. This ac-
counts for the disparity in the low temperature values of
Mp for these two crystals. The internal field H, given by

H=H, —4mNMp, (5)

T Tc
5H

' 1/n
a

2~(1 N /3)R J,0(—0)

This shows explicitly that we expect T' to increase with
R and decrease with N for H along c. Referring to Table
I, crystal 3 has a higher R and a lower N, than Crystal 2.
Thus Eq. (8) predicts that Crystal 3 will have the higher
T*, just as we find experimentally from the data in Figs.
8 and 9. The analogous equation for T' when H is along
a or b is similar, except of course, we replace R by D, the
crystal thickness. Again referring to Table I, Crystal 3
has a higher D than Crystal 2 and the values of N, & are
negligible, so we expect Crystal 3 to have the higher T'
for H along a or b. This agrees with our data in Figs.
11-14.

While the anisotropic flux creep data of Figs. 10—14
appear difficult to explain completely, we point out a few
common features. Comparing Figs. 13 and 14 (or, alter-
natively, Figs. 11 and 12}, we see that T' appears to be
greater for H along b than for H along a (T& )T; ) in
these, our two best crystals. Referring to Eq. (8), this im-
plies that the critical current density is anisotropic be-
tween a and b. For example, if we assume that n is iso-
tropic, we find that J,0(0) is greater for H along b than
for H along a. A related feature seen in Figs. 11 and 12 is
that S for H along a is generally larger than S for H along
b below T,*, whereas the inequality reverses above T&'.
Referring to Eq. (4) and the discussion below it, this im-
plies again that J,Q( T) is greater for H along b than for H
along a, regardless of whether or not the activation ener-
gy E happens to be anisotropic. Further, we note that

is much higher for Crystal 2 than for Crystal 3 in this
orientation, even though the same applied field H, =1000
Oe was used. Note also that H depends on temperature
through M0(T).

As described above, T' is the temperature for which H
is equal to H'. Coinbining the definition of H'( T' } with
Eq. (5) and Eq. (2b) for H(T"), we find

5H,

2nR(1 —N/3)

We can use this to find the qualitative dependence of T'
on crystal dimensions by assuming a qualitatively reason-
able temperature dependence for J,p. For example, if we
assume

J,Q( T)=J,Q(0)(1 —T /T, )",
where n is positive, we find

the hysteresis data of Fig. 4, if interpreted within the
Bean model, ' also indicate that critical currents, respon-
sible for shielding in this case, are larger with H along b
than with H along a. Thus, our qualitative interpretation
of the a/b anisotropic magnetic relaxation and hysteresis
is that the critical current density along a is larger than
that along b.

The data for Crystal 1, shown in Fig. 10, are expected
to be much more difficult to interpret because of the ir-
regular geometry of that crystal. For example, a small
anisotropy in the demagnetizing field would be magnified
by the H dependence of S found by Yeshurun et al.
Even for Crystals 2 and 3, small out-of-plane components
of the field due to small crystal-field misalignments would
be magnified by the cubic dependence of S on H. We sug-
gest that this is why values of S at T' do not show a con-
sistent pattern. This is why we have based our interpre-
tations of the S data on features such as T*, which do not
depend so sensitively upon the magnitude of H.

Our measurements of the anisotropic Meissner effect at
low fields evidently show that flux pinning is greater for
H along b than for H along a. Because the coherence
lengths for YBa2Cu&07 & are comparable to the lattice
constants, it has been suggested that flux pinning could
be an intrinsic property of the crystal lattice. ' Perhaps
such a model could explain our result. For example, pin-
ning caused by Cu-0 chains might be greater when the
field is parallel to the chains than when it is perpendicu-
lar to them.

VII. CONCLUSIONS

We have developed a method of producing untwinned
YBa2Cu&O& z single crystals without subjecting them to
mechanical stress. From Meissner-effect measurements
at low fields, we find that pinning is greater for H along b
than for H along a. By combining the results of hys-
teresis measurements with relaxation measurements ana-
lyzed in terms of the standard flux creep model, we find
that the critical current density is greater along a than b
If the superconductivity were a property mainly of the
Cu-0 chains, this would be surprising, but it is
known' that the Cu-0 planes dominate the supercon-
ducting properties. Our measurements of Meissner
effect, hysteresis, and zero-field-cooled relaxation in
untwinned crystals are qualitatively similar to those of
others in twinned crystals.
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