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Magnetization-vector measurements were made on a YBa2Cu3O72d crystal, initially cooled to 4.2 K in an
external fieldHe parallel to thec axis. WithHe fixed, the crystal was then tilted, such that the angleu between
the c axis andHe was gradually raised to 90° and lowered back to zero. Our results reveal that all the vortex
flux remains parallel to thec axis until the tilt angleu reaches a threshold value~close to 15° forHe

<500 Oe). Asu exceeds this value, the vortex flux in theab plane rises rapidly from zero, and it appears to
derive solely from a bending of the vortices initially directed alongc. This whole process is fairly consistent
with theoretical predictions, and it is found to be essentially reversible with the cycling ofu at low He . The
hysteresis that develops at higherHe rises and approaches the conventional hysteresis measured alongab after
zero-field cooling. Comparison is also made with a cross-flux experiment, which is seen to be only superficially
equivalent to the crystal-tilt experiment.@S0163-1829~97!51234-3#

The configurational structure of Abrikosov vortices in
single crystals of the layered cuprate superconductors, such
as the classic YBa2Cu3O72d ~YBCO!, has been much studied
and largely elucidated experimentally and theoretically.1 Par-
ticular attention has been given to the symmetrical case
where the vortices are oriented with their magnetic flux
along thec axis normal to the CuO2 layers and, as such, are
believed to have a ‘‘pancake’’ structure lying in these
layers.2 These vortex pancakes are seen3 to form lines along
the c axis when extended defects, such as thea-b twin
boundaries prevalent in as-grown crystals,4 are present. Al-
though there has been theoretical consideration,5 it still re-
mains to be explored experimentally as to when and how
vortices deviate from this orientation when the crystal
sample is tilted in a fixed magnetic field directed initially
along thec axis.

We have been carrying out this sample tilting experiment
with a YBCO crystal in various fields applied alongc during
cooling to 4.2 K and then held fixed. As reported in this
paper, our results are revealing that the vortex flux remains
parallel toc until the crystal tilt angleu reaches a critical
valueuc , above which the vortex flux in theab plane rises
rapidly and appears to derive from a bending of the vortices
originally oriented alongc. This whole process, which is
fairly consistent with recent theoretical predictions,5 is found
to be essentially reversible with cycledu at low fields. The
small hysteresis that develops at higher fields~and interferes
with the critical threshold behavior! will be compared with
that of various conventional measurements.

Our sample was a heavily twinned YBCO crystal platelet,
;1.5 mm in diameter in theab plane and;0.1 mm thick
along thec axis, which had been carefully prepared by stan-
dard flux-melt growth techniques by Lisa Paulius of Western
Michigan University. The crystal was mounted in our cryo-
genic vibrating-sample magnetometer~VSM! such that it
could be tilted about an axis in theab plane. In our VSM
system, two sets of pickup coils are arranged in quadrature,
allowing us to measure bothML and MT , the longitudinal
and transverse components of the sample magnetization vec-
tor relative to the fixed external fieldHe in the plane normal
to the tilt axis.

The geometry in the crystal tilt plane is exhibited in Fig.
1~a!, where thec axis is shown tilted by angleu relative to
He . With reference to this figure, the measuredML andMT
were converted toBab andBc , the vortex flux densities par-
allel to theab plane and thec axis, by means of the follow-
ing equations:

Bab5~He1aabML!sin u2aabMT cosu ~1!

and

Bc5~He1acML!cosu1acMT sinu, ~2!

whereaab54p2Dab andac54p2Dc . The demagnetiza-
tion factors,Dab50.61 andDc54p22Dab511.35, were

FIG. 1. ~a! Geometrical arrangement of YBCO crystal platelet at
tilt angleu, whose flux density components,Bab andBc , are deter-
mined from measured magnetizations,ML and MT , parallel and
perpendicular to external fieldHe . ~b! Detail of tilted crystal show-
ing bent vortices with segments alongab plane.
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determined from initial magnetization curves in theab plane
below Hcl ~'40 Oe!, assuming perfect Meissner shielding,
and are consistent with the thin-platelet shape of the crystal.
Typically, in all our tilting experiments, the YBCO crystal
was initially cooled to 4.2 K from aboveTc ~'90 K! in a
field He that was applied alongc and subsequently held
fixed. The crystal tilt angleu betweenc and He was then
increased in steps up to 90° and reduced in steps back to
zero, with the flux density componentsBab and Bc deter-
mined at each step.

Our results forBab versusu at several low fields are dis-
played in Fig. 2~a!. For He up to 0.5 kOe, the variation with
u is essentially reversible, and we see thatBab remains at
zero ~within the indicated scatter! until u reaches a critical
value (uc), above which it rises rapidly—at first linearly
with u2uc . Extrapolating this linear variation back to theu
axis, we find thatuc517.8°, 16.6°, and 14.8°~with an un-
certainty of 60.5°! for He50.125, 0.25, and 0.5 kOe, re-
spectively. Note that the corresponding values ofHab , the
internal field in theab plane~which closely equalsHesinuc!,
are about 0.04, 0.07, and 0.13 kOe, whose large relative
spread suggests that the near constancy of theuc values is
the more significant factor. ForHe50.75 kOe, the variation
of Bab with u clearly exhibits a small hysteresis, and the
critical threshold behavior at lowu appears to have been
removed. As Fig. 2~a! also shows, there is a drop inBab
whenu exceeds 60°, and this peculiarity grows with increas-
ing He . This anomalous effect indicates an increased vortex

expulsion asHe approaches the direction with the lowest
demagnetization factor; a detailed discussion of this is be-
yond the scope of this paper.

For a full view of the vortex flux in the crystal during the
tilting experiment, we show in Fig. 2~b! a typical plot ofBc
versusu for the case ofHe50.5 kOe. At u50, Bc starts
numerically very close toHe , and it gradually diminishes to
a value;14% lower atu590°. Also plotted here is the total
flux densityB, as obtained from a quadrature combination of
Bc andBab . We see thatB is nearly constant~within ;2%!
for u out to 60°, above which it diminishes due to the anoma-
lous drop inBab . Thus, at least foru up to 60°, it appears
that the total number of vortices in the crystal stays essen-
tially unchanged, which allows us to conclude that the rise in
Bab when u exceedsuc derives entirely from a bending of
the vortices that were initially oriented alongc. This vortex
bending is displayed schematically in Fig. 1~b! where, con-
sistent with relevant theory,5,6 the zig-zag shape is taken to
result from the very strong vortex pinning along thec axis
and the much weaker pinning in theab plane.

Our crystal-tilt experiments were also carried out at
higher fields and, as displayed in Fig. 3~a! for He51.5 and 3
kOe, our results forBab show a continued increase of the
hysteresis with cycledu and the continued absence of a criti-
cal threshold behavior. Moreover, the anomalous drop inBab
at large u is now decreasing with increasingHe ; at still
higher fields, it was seen to vanish altogether. The corre-
sponding plots ofBc andB versusu are shown in Fig. 3~b!
for He53 kOe. AlthoughBc diminishes with increasingu
and its variation with cycledu is highly hysteretic, as is that

FIG. 2. ~a! Bab versus increasing tilt angleu for various values
of He at 4.2 K; plots for decreasingu not shown for clarity, except
for He50.75 kOe.~b! Bc and total flux densityB versus increasing
u for He50.5 kOe.

FIG. 3. ~a! Bab versus cycled tilt angleu for higher values ofHe

at 4.2 K. ~b! Bc and total flux densityB versus cycledu for He

53 kOe.
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of Bab , the total flux densityB is relatively constant and
exhibits much less hysteresis. Hence, even at these higher
fields, the total number of vortices in the crystal appears to
change very little withu, which again indicates that the in-
crease ofBab with u arises from a bending of the original
vortices alongc.

The hysteresis with cycledu in the crystal-tilt experiment
was studied at fields up to 12 kOe, but our results will be
represented here simply by the remanent values ofBab de-
termined whenu was returned to zero from 90°. The experi-
mental values ofBab

rem are plotted versus the field of measure-
mentHe in Fig. 4 ~closed circles for the TILT experiment!,
where they are shown together with the results of two addi-
tional experiments performed on the same crystal.

These two experiments were both carried out convention-
ally with the YBCO crystal held atu590° while the field in
the ab plane was raised toHe and then reduced to zero—
which mimics the variation of the field alongab during the
TILT experiment at fixedHe . In one of these experiments,
the crystal was initially prepared simply by zero-field cool-
ing ~ZFC! to 4.2 K. In the second experiment, the crystal was
initially cooled to 4.2 K in the fieldHe applied alongc; the
field was then removed and the crystal turned tou590° for
the subsequent field cycling up toHe along ab. The latter,
henceforth referred to as the standard cross-flux~SCF! ex-
periment, was first performed in our laboratory7–9 on grain-
oriented and single-crystal YBCO, where it was discovered
that the remanent vortex flux alongc acts as a pinning agent
for the vortices produced by the field applied alongab.

The remanent values ofBab obtained from our ZFC and
SCF experiments for variousHe are shown in Fig. 4, where

they lie consistently higher than theBab
rem values from the

TILT experiment. As shown in the figure inset, this compari-
son is particularly striking at lowHe , where the very small
Bab

rem values from the TILT experiment were barely measur-
able. This difference presumably derives from the fact that
the vortices produced alongab in the ZFC and SCF experi-
ments are held by pinning centers along the whole length of
this plane in the crystal, whereas in the TILT experiment the
vortex bending at lowHe involves vortex segments alongab
that are short and thus encounter very few pinning centers.
However, with increasingHe , the vortex segments alongab
produced by the vortex bending can be expected to lengthen
and ultimately reach the linear size of theab plane in the
crystal. In fact, this is borne out in Fig. 4 by the rise in the
TILT values ofBab

rem and their eventual approach to the satu-
ration ZFC value at highHe .

Figure 4 also shows that the SCF values ofBab
rem stay

fairly close to the ZFC values up toHe'3 kOe, indicating
that the cross flux is too small in concentration to produce
any sizeable additional pinning. However, at higherHe , the
SCF values continue to rise rapidly and reach levels well
above the saturation ZFC value, thus exhibiting the large
cross-flux effect seen previously at highHe .9 From the vast
difference in their relationships to the ZFC experiment, it is
clear that the SCF and TILT experiments are probing very
different vortex properties—even though they both involve
an initial cooling in a field alongc and a subsequent raising
of a field component alongab. Indeed, from the fact that the
TILT values ofBab

rem approach the ZFC values rather than the
much larger SCF values at highHe , it would appear that in
the TILT experiment the vortices are all bending in a similar
fashion, such that there is no vortex crossing.

Very recently, Zhukovet al.10 reported on a similar
magnetization-vector study of a tilted YBCO crystal at 10
kOe and 60 K. Their results are cast differently but appear to
show a broadened thresholdlike behavior resembling what
we have seen at our higher fields at 4.2 K@Fig. 3~a!#.

In summary, our crystal-tilt experiments on YBCO at 4.2
K are revealing that the vortex flux remains oriented along
the c axis until the tilt angleu reaches a critical threshold
value~of about 15°!, above which the vortex flux develops a
component in theab plane—which appears to derive solely
from a bending of the vortices originally alongc. This entire
process, which occurs at low fields and is fairly consistent
with recent theory,5 is found to be essentially reversible with
the cycling of u. At higher fields, the threshold behavior
vanishes with the appearance of hysteresis in the flux density
along ab, which is initially very small but then grows rap-
idly and becomes comparable to the conventional hysteresis
after zero-field cooling. The hysteresis seen in the crystal-tilt
experiment with cycledu is also compared with the conven-
tional hysteresis of a cross-flux experiment. Although these
two experiments are seemingly equivalent in many respects,
they are found to be examining very different vortex proper-
ties.

We are grateful to Lisa Paulius for the YBCO crystal
sample of this study and to the National Science Foundation
~DMR! for partial support of this work.

FIG. 4. RemanentBab versusHe for TILT, SCF, and ZFC ex-
periments at 4.2 K, as discussed in text. Inset shows expanded detail
at low He .
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