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We report the first direct experimental evidence of intrinsic pinning in hysteresis loops of untwinned
Y Ba,Cu307 -, single crystals, for magnetic fields perpendicular to the ¢ axis. We have observed oscilla-
tions in the M -H loops that are well explained when one considers the layered structure of this com-

pound. The oscillations are found to be periodic in Ha

12 and are induced by a succession of transitions

between states for which the vortex lattice is commensurate with the crystal lattice periodicity in the
direction perpendicular to the CuO; planes. The following anisotropy parameters were extracted from
the experimental results: Tep =(mc/mp) 2 =6.3, Teg =(mc/ma) "2 =5.6, and Tap = (ma/ mp)"? =1.13.

PACS numbers: 74.72.Bk, 74.25.Ha, 74.60.Ge

It is well established that the anisotropy in high-T, su-
perconducting oxides plays an important role in their
physical properties. However, many of these properties
cannot be accounted for by a simple anisotropic 3D
description because the layered structure of these materi-
als confers some characteristic features on them. These
characteristics are not specific to the cuprate supercon-
ductors; interest in this topic originated in the early
seventies through the study of conventional layered ma-
terials [1]. The layered structure leads to interesting
physical properties. For example, a 3D to 2D transition
[2] is expected at a temperature T*, where the coherence
length along the ¢ axis becomes smaller than the spacing
between the CuO, planes (the superconducting layers).
Also, when a magnetic field H > H, is applied along the
layers, it is energetically favorable at low temperatures
for a vortex to lie between two CuO, planes. Feinberg
and Villard [2] have shown that for an applied magnetic
field making an angle @ with the a-b plane, the vortices
lock in to the a-b plane if 8 < 8, (the critical angle). Ex-
perimentally, an anomaly in torque measurements on an
untwinned YBa,Cu3;O7-x (YBCO) single crystal has
been observed by Farrell et al. [3] and attributed to
lock-in by Bulaevskii [4]. A similar anomaly was report-
ed [5,6] for Tl;Bay;CaCu;0g and Bi;SryCaCu,Os single
crystals. In this paper, we present the first clear evidence
of intrinsic pinning by the layered structure of high-7,
superconductors observed in hysteresis loops of untwinned
YBCO single crystals recorded for magnetic fields paral-
lel to CuO, planes. We will also deduce accurately the
anisotropy parameters I';; = (m;/m;) 172 where m; and m;
are the effective masses defined such that the subscripts
refer to the principal axes along which screening currents
flow.

The crystals investigated were grown as described in
Ref. [7] by a conventional self-flux method using yttria
stabilized zirconia crucibles. They were oxygenated for 6
d at 500°C in an oxygen atmosphere. Detwinning was
achieved by applying a uniaxial pressure of ~50 MPa at
550°C in air for 15 min. Detwinned crystals were then
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reoxygenated for 1 d at 500°C in oxygen atmosphere,
providing an overall oxygen content [8] 6.9 <7—x
< 6.92. Polarized optical microscopy revealed a surface
fraction of misaligned domains of less than 2%. The
crystal whose data are reported here has a 7.=93.8 K
and AT, =0.2 K, and has a size of 1.45%1.2x0.125 mm°.
The width of the transition, AT, is the temperature range
over which the zero field cooled magnetization in a field
of 0.1 mT varies from 10% to 90%. The thickness has
been estimated using the mass and the theoretical density
of 6.8 g/cm3. Magnetic hysteresis measurements were
carried out on a 12 T vibrating sample magnetometer
(Oxford Instruments, model VSM-3001). Samples were
first zero field cooled at the desired temperature, and then
subjected to a magnetic field (H,) which was swept at a
rate of 5 mT/s.

Figure 1 shows magnetic hysteresis loops at 7 =60 K,
for applied magnetic fields up to 12 T making an angle 6
with the b axis. The curves in Fig. 1(a) correspond to
two measurements in which the crystal was each time
placed with the b axis parallel to H, (with the accuracy
of our setup 6,8, < 1°). For the curve presented in Fig.
1(b) the crystal was placed under a slight angle
§3=2°+0.5°. Similar results have been obtained for
magnetization isotherms with H, along the a axis. The
oscillations observed in the magnetization are reported
for the first time. The period of the oscillations increases
with increasing magnetic field. We will show that the
response is periodic in H, /2. An important observation
is that the positions of the maxima are temperature and
orientation independent, indicating pinning caused by a
matching of the vortex lattice constant to a regular pin-
ning structure. From the magnetization data presented in
Fig. 1 it is clear that there exists a critical angle of the or-
der of 1° above which the oscillations disappear. This
demonstrates that the oscillatory pinning behavior has its
origin in the lock-in of vortices between the layers.

We explain these observed features in the magnetic
hysteresis in terms of states of the vortex lattice which
are commensurate with the layered structure of the cu-
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FIG. 1. Magnetic hysteresis loops at 60 K, for magnetic
fields making an angle 6;,6, < 1° and 6;=2° £ 0.5° with the b
axis.

prate superconductors. The anisotropic London model,
which assumes a homogeneous material, predicts a hex-
agonal vortex lattice compressed along the crystal ¢ axis
with a field independent ratio a// =2I//3, where T is the
anisotropy parameter and a and / are the vortex lattice
spacings perpendicular and parallel to the ¢ axis, respec-
tively (see Fig. 2). In the cuprate superconductors, the
CuO, planes are responsible for superconductivity and
there will be a modulation of the superconducting order
parameter along the ¢ axis. The vortex lattice with the
a/l ratio calculated from the anisotropic London model
(and therefore with minimum vortex-vortex interaction
energy) will be commensurate with this modulation for
certain applied magnetic field values, H,. At H,, the vor-
tex lattice spacing in the direction of the ¢ axis fulfills the
condition / =nd, where d is the c-axis crystal lattice con-
stant and n=1,2,3,.... The ratio a/l will change for in-
termediate fields, H,=H,. For H, near a given H,,
changes in vortex density in response to a magnetic field
change will be accommodated by motion of the vortices
in the a-b plane (decreasing or increasing the vortex
spacing a for increasing or decreasing fields, respective-
ly). Pinning centers in the regions between the CuO;
planes are less effective and hence the effective pinning
force for these displacements is small. However, this pro-
cess alone cannot lead to another commensurate state.
For field values in the intermediate region between two
consecutive commensurate states, H, and H,+, changes
in / must occur. This crossing of the CuO; planes by vor-
tices is generally thought to be accomplished by the nu-
cleation and motion of pairs of kinks and antikinks [2].
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FIG. 2. The vortex lattice locked in between CuO; layers for
n=2. The symbols ® indicate vortex cores.

These kinks consist of a vortex disk in the CuO; plane.
Motion of these vortex disks is impeded by the relatively
stronger pinning interactions in the CuO; planes. From
this we expect that the resulting effective pinning force,
and hence the magnetic hysteresis width, to be larger for
the intermediate magnetic field regions. This is indeed
what we observe: The magnetic hysteresis width shows
lock-in oscillations which are periodic in H, 2. Bu-
laevskii and Clem [9] have calculated the equilibrium
structure of the vortex lattice for magnetic fields parallel
to the planes using the Lawrence-Doniach theory [10].
They have found a field dependence of the ratio a// which
supports our explanation of the magnetic behavior.

In Fig. 3 we have presented the magnetization curves
for increasing field as a function of (uoH,) 12 gt
T =30, 40, 50, and 60 K. The magnetic field has been
applied parallel to the a axis for the data in Fig. 3(a) and
parallel to the b axis in Fig. 3(b). In order to see the os-
cillations clearly, we have subtracted a linear field depen-
dent background from the original data and shifted the
curves along the vertical axis. This procedure does not, of
course, affect the periodicity of the signal. For both sets
of measurements the curves are periodic with an identical
period at all temperatures. The positions of the maxima
are temperature independent except for 7= 60 K where
a slight shift towards lower fields is observed. The ampli-
tude of the oscillations increases with increasing magnetic
field. At low magnetic fields the vortex-vortex interac-
tions are weaker and the energy differences between com-
mensurate and incommensurate states are smaller. We
argue that this decreases the amplitude of the oscillations.
From Fig. 3 we can see that the observed period for H,lla
and H,llb are slightly different, indicating a difference in
the anisotropy parameters I'c, and I'¢,.

In the anisotropic London model, for magnetic fields
parallel to either the a axis or the b axis, the vortex spac-
ing along the ¢ axis is given by [9,11]

1 =(R/3¢o/2T) 2B 12 (1)

where ¢ is the flux quantum and B, =uoH,. The period-
icity in Fig. 3 corresponds to transitions between com-
mensurate states at H, =H, in which case Eq. (1) gives
the correct vortex spacing. When the applied magnetic
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FIG. 3. Virgin magnetization curves at the indicated temper-
atures, as a function of (uoH,) ~'/2, with the magnetic field be-
ing applied parallel to the a axis in (a) and parallel to the b axis
in (b). For clarity, a magnetization background has been sub-
tracted from the original data and the resulting curves have
been shifted along the vertical axis. The dashed line grid is
drawn at nA(B,~"2) with n=1,2,3,... and values for A(B;,"/?)
as given in the text.

field has increased from H, to H,+, the vortex spacing,
1, has changed by an amount equal to the c-axis parame-
ter, d. To check this assertion, we will use the reported
value [12] of d and deduce the anisotropy parameter I'
which can be obtained from the following equation:
V3 | AlB, 2] ? s

r 5 do d ] , 2)
where A[B, /2] is equal to the period of the lock-in oscil-
lations. Taking ¢o=2.067%107"5 Vs, d=1.164x107"°
m at T=120 K and AlB, '] equal to 0.069 and 0.065
T Y2 for H, parallel to the a axis and b axis, respective-
ly, we find

Cep =~/m./mp=63%0.1, H,la,
Fea=~/m./my;=5.61+0.1, H,lb,
Top =~/Ma/mp =Tep/Tq=1.1310.04.

In previous studies Dolan et al. [13] have obtained, using
a Bitter decoration technique, I'yp=1.11 to 1.15 and
Iy =g ==5.5. Using torque magnetometry, Farrell ef
al. [3] have reported values from 5 to 8 for the out of
plane anisotropy factor. Our results are in good agree-
ment with these reported values.
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The magnetic hysteresis curves for 7= 60 K display
some characteristics not observed at lower temperatures.
As mentioned earlier the oscillations are slightly shifted
towards lower fields. These hysteresis curves also exhibit
additional peaks at high fields (see Fig. 3). A possible
explanation is that the lock-in of different regular vortex
structures which are not minimal energy solutions in the
anisotropic London model causes these additional fea-
tures.

We have also performed similar magnetic hysteresis
measurements (H,Lc¢) on microtwinned YBCO crystals.
However, in these measurements we have not observed
any oscillations. This absence of oscillations can be ex-
plained by the following arguments. First, the periodici-
ties along the a and & directions differ, and second, as the
anisotropy factor is dependent upon the oxygen concen-
tration [14], the wavelength of the oscilations is depen-
dent on it as well. In microtwinned samples, the oxygen
concentration is less homogeneous because of the disorder
introduced by twinning planes. Both these effects will
cause an averaging out of the hysteresis oscillations.

In summary, we have reported direct experimental evi-
dence of lock-in pinning in hysteresis loops of untwinned
YBCO single crystals, in longitudinal geometry. Values
of the in plane as well as the out of plane anisotropy fac-
tors have been obtained from the experimental data and
are found to be in agreement with those reported in the
literature using other experimental techniques. Our ob-
servation of the lock-in oscillations in the magnetic prop-
erties opens up a new method to study the vortex lattice
by using the layered crystal structure as a ruler against
which we can determine accurately the vortex spacing in
the ¢ direction.

This work is part of a project supported by the Science
and Engineering Research Council (United Kingdom).
L.T. thanks CIAR (Canadian Institute for Advanced
Research) and Sloan Foundation.

[1]1 R. A. Klemm, A. Luther, and M. R. Beasley, Phys. Rev.
B 12, 877 (1975), and references therein.

[2]1 D. Feinberg and C. Villard, Phys. Rev. Lett. 65, 919
(1990); D. Feinberg and A. M. Ettouhami, Int. J. Mod.
Phys. B 7, 2085 (1993); D. Feinberg, J. Phys. Il
(France) 4, 169 (1994).

[3]1 D. E. Farrell, J. P. Rice, D. M. Ginsberg, and J. Z. Liu,
Phys. Rev. Lett. 64, 1573 (1990); D. E. Farrell, C. M.
Williams, S. A. Wolf, N. P. Bansal, and V. G. Kogan,
Phys. Rev. Lett. 61, 2805 (1988).

{4] L. N. Bulaevskii, Phys. Rev. B 44, 910 (1991).

[s] D. H. Chung, M. Chaparale, and M. J. Naughton, in
Proceedings of the VIth NYSIS Conference on Supercon-
ductivity, September 1992, Buffalo (AIP, New York,
1993).

[6] J. C. Martinez, S. H. Brongersma, A. E. Koshelev, B.
Ivlev, P. H. Kes, R. P. Griessen, D. G. de Groot, Z. Tar-
navaski, and A. A. Menovsky, Phys. Rev. Lett. 69, 2276



VOLUME 72, NUMBER 22

PHYSICAL REVIEW LETTERS

30 MAY 1994

(1992).
[7] R. Gagnon, M. Oussena, and M. Aubin, J. Cryst. Growth
121, 559 (1992); R. Gagnon, C. Lupien, and L. Taillefer
(to be published).
[8]1 J. R. La Graff and D. A. Payne, Physica (Amsterdam)
212C, 478 (1993).
[9] L. N. Bulaevskii and J. R. Clem, Phys. Rev. B 44, 10234
(1991).
[10] W. E. Lawrence and S. Doniach, in Proceedings of the
12th International Conference on Low Temperature

Physics, Kyoto, Japan, 1971, edited by E. Kanda
(Keigaku, Tokyo, 1971), p. 361.

[11] V. G. Kogan, Phys. Lett. 85A, 298 (1981).

[12] R. M. Hazen, in Physical Properties of High Tempera-
ture Superconductors II, edited by D. M. Ginsberg
(World Scientific, Singapore, 1990), p. 121.

[13] G. J. Dolan, F. Holtzberg, C. Feild, and T. R. Dinger,
Phys. Rev. Lett. 62, 2184 (1989).

[14] B. Janossy, D. Prost, S. Pekker, and L. Fruchter, Physica
(Amsterdam) 181C, 51 (1991).

3609



