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Interplay between pinning energy and vortex interaction in YBa2Cu3O7Àd with oriented twin
boundaries in tilted magnetic fields: Bitter decoration and tilt-modulus measurements

J. A. Herbsommer, G. Nieva, and J. Luzuriaga
Centro Atómico Bariloche and Instituto Balseiro, CNEA and UNC, (8400) Bariloche, Argentina

~Received 25 March 1999; revised manuscript received 14 July 1999!

We have performed Bitter decoration and ac susceptibility measurements in single-crystal YBa2Cu3O72d

with oriented twin boundaries. The twin boundaries~TB’s! pin vortices over approximately 65% of the sample.
The pinned areas are unevenly distributed and some relatively large TB-free regions are present. The Bitter
decorations were performed in a 52 Oe dc magnetic field rotated off thec axis so that the plane defined by the
field direction and thec axis is perpendicular to the TB’s. Several decorations were performed in the same
sample. Additional dynamical information was obtained from ac susceptibility measurements. Results show
that for small tilts the vortices remain locked to thec-axis direction, for angles greater than 12° they form a
staircase pattern, and in this case pinning by the twin boundaries remains effective up to 75°. We observe
vortex chains in twin-free zones of the sample for tilted fields at 65° and 40°. Due to our particular experi-
mental arrangement, in the twinned regions the interplay of the potentials giving rise to the chains and the
pinning potential produces a structure with a disordered square symmetry. The data allow us to estimate the
dominant energy of the vortex system for some inclinations of the applied magnetic field.
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I. INTRODUCTION

The vortex structures found in high-Tc superconductors
show a rich variety of forms, connected to the various th
modynamic phases of the vortex phase diagram. The in
play between temperature, pinning energy, and the vo
lattice elastic constants is responsible for this comp
behavior.1 The anisotropy of the materials adds another
mension, since the vortex lattice is affected by the orien
tion of the field with respect to the crystal axes.2,3 There has
been extensive research into this problem, both for its f
damental and applied interest. Recently the interaction
tween elastic manifolds and disordered pinning potent
and their dynamical properties has also become a subje
theoretical4 and experimental work.5,6

In this context, we present results of Bitter decoratio
and susceptibility measurements performed on the s
sample, allowing a simultaneous measurement of vortex
tice dynamics and structure in a high-Tc material. We have
chosen YBa2Cu3O72d ~YBCO! for our study. The main rea
son is that in this compound there are twin boundarie11

~TB’s! which form extended, planarly correlated pinnin
centers for the vortices. A second reason is the fact
several previous decoration studies make this a w
characterized material.7–10

In our particular case, we study a sample with TB’s o
ented in only one direction. When tilting an external ma
netic field with rotation axis in theab planes and perpen
dicular to the twin boundary planes there is a system
change in the vortex-vortex interaction~because of the an
isotropy! and in the effect of pinning by twin boundarie
Also, by orienting the ac field of the susceptibility measu
ments along theab planes and parallel to the twin bound
aries, a tilt force acts on the vortices parallel to the T
allowing the study of dynamical properties in this directio

The pinning by correlated defects is expected to be m
PRB 620163-1829/2000/62~5!/3534~8!/$15.00
r-
r-
x

x
-
-

-
e-
ls
of

s
e

t-

at
l-

-
-

ic

-

,
.
i-

mum when both the defect and the applied field are align
and in this case, over a small angular range, in thelock-in
regime the vortices will follow the defect, and not the dire
tion of the field. For larger angles, anaccommodationregime
is expected, where the vortices are partially aligned with
defects, and for larger misalignment of field and defect a f
vortex state is found.1,12–16Our results, combining dynami
cal and structural evidence, show thelock-in regime clearly,
but also indicate that in some parts of the sample betw
TB’s, part of the vortices are aligned with the field. In th
transition from theaccommodationto the free vortex regime
there seems to be a marked difference in dynamical pro
ties, which is not abrupt in the static structure of the vort
lattice.

The interplay between the material anisotropy whi
tends to align the vortices along chains in tilted fields17,18and
the pinning of the twin boundaries, which run at right ang
to the chains in our configuration, gives us the possibility
estimating the dominant energy of the problem at differ
angles of the field.

II. EXPERIMENTAL DETAILS

The YBCO crystal comes from a batch prepared usin
flux-growth technique as described in Ref. 19, and was fu
oxygenated with aTc value of 92.5 K and a zero-field tran
sition width DT50.6 K ~taken from the width at half maxi-
mum of the peak in the ac susceptibility measurement!. Ob-
servation by polarized light showed a single orientation
the twin boundaries. This was further confirmed by the de
ration experiments which show no evidence of TB’s in oth
directions. The crystal has the shape of a slab with appr
mate dimensions (13230.03) mm3.

Decorations by the Bitter technique20 were performed at
4.2 K using a field cooling~FC! procedure for different
angles of the applied magnetic field, keeping the modu
fixed at 52 Oe. The magnetic field was rotated using an
3534 ©2000 The American Physical Society
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PRB 62 3535INTERPLAY BETWEEN PINNING ENERGY AND VORTEX . . .
ditional coil perpendicular to the first, in a direction such th
the plane defined by the field and thec axis is perpendicular
to the twin boundary planes. The sample was warmed up
scanning electron microscope~SEM! images were obtained
The resolution of the images was 330 pixels/mm2. A clean-
ing procedure with isopropyl alcohol under ultrasound ag
tion was performed before each decoration experimen
order to remove thoroughly the iron particles of previo
experiments. The sample was glued with silver paint to
same sample holder throughout the experiments and
was taken to keep the same relative orientation between
rotation plane of magnetic field and the twin boundaries.

By analyzing the decorations over the whole area of
sample, it can be seen, when the applied field is paralle
the c axis, that around 65% of the vortices are locked to
twin boundaries, with TB-free regions scattered in irregu
bands in between. While a few twin-boundary-free ban
were as much as 100 vortex lattice parametersa0.AF0 /H
.0.62 mm broad, most were narrower, typical
(10–15)a0.

Information about lattice dynamics was obtained
means of ac susceptibility measurements on the s
sample. The ac fieldhac was applied in theab plane, per-
pendicular to the dc fieldH and parallel to the TB’s. In this
configuration, the force on the vortices will tend to tilt the
parallel to the TB direction. These measurements were
ried out by means of mutual inductance technique and
excitation and detection was made by means of a two-ph
lock-in amplifier ~PAR 5302!. The proper phase of th
lock-in amplifier was set by measuring the sharp superc
ducting transition of an indium sample. All the susceptibil
measurements reported here have been taken in FC ex
ments with the applied field ofH552 Oe at different
angles.

III. RESULTS AND DISCUSSION

A. Bitter decoration

The magnetic decorations were performed on theab
plane and in all the images of the present paper, the t
boundaries of the crystal are oriented vertically, (y coordi-
nate!, and the projection of the tilted field is in the horizont
(x coordinate! direction.

1. Field in the c-axis direction

Figure 1 shows the typical decoration pattern obtained
the TB-free regions of the sample corresponding to a
experiment with the field in thec-axis direction.

The image shows a very ordered lattice, with a system
deformation due to the anisotropy of the penetration lengtl
between thea and b axis.21 This is evident in the Fourie
transform~FT! of the inset in Fig. 1 which shows the avera
over 12 different areas of the sample in reciprocal space.
clear that a particular orientation dominates sufficiently t
an hexagonal elliptical pattern is obtained even after ave
ing. An ellipse was fitted to the transform. The best fit giv
an eccentricity of 1.2 and a major axis oriented 49° aw
from the twin direction. These values agree with those
ported by Dolanet al.21 The orientation of the vortex lattice
in all TB-free regions has always a compact vortex pla
t
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aligned in the direction of the twin boundaries.
This orientation was maintained over distances as larg

100 timesa0, indicating that the influence of the TB’s ex
tends over at least this distance. One possible explanatio
that the twin boundary acts as a nucleation center for
vortex crystal, which then grows with the observed orien
tion. The point disorder does not seem to be strong enoug
decorrelate the vortex lattice over these distances. It is in
esting to remark that the data of Dolanet al.21 show the same
relative orientation between the twin boundaries and the v
tex lattice. According to Campbellet al.2 in an anisotropic
superconductor with the field perpendicular to both anis
ropy axes, no orientation of the vortex lattice distortion
favored, so the coincidence must be due to the orienta
produced by the TB’s in both samples.

The induction fieldB, obtained by averaging the numbe
of vortices over 12 images of;1300 vortices each, is 45.
Oe with a dispersion of 0.5 Oe, which means that there
flux expulsion of 6.5 Oe, corresponding to the average m
netization of the sample.22

In Fig. 2 we show a typical image obtained from the sa

FIG. 1. Decoration with the field parallel to thec axis in a twin-
free region of the sample. Inset: Fourier transform averaging o
12 similar images. The arrows indicate the orientation of theab
crystallographic axes. All images are presented so that the
boundary planes are shown in a vertical direction; notice that in
picture a compact vortex plane can be seen in the vertical direc

FIG. 2. Decoration with field parallel to thec axis in a twinned
region of the sample. The twin boundaries are clearly eviden
vertical columns where the vortex density is increased. Inset: F
rier transform over 12 similar areas of the sample.
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3536 PRB 62J. A. HERBSOMMER, G. NIEVA, AND J. LUZURIAGA
decoration experiment but in a twinned region of the sam
Each TB acts as a potential well in the form of a chan
pinning vortices~visible as vortex ‘‘columns’’ in the vertica
direction in the figure!. The lattice parameter along eac
channel is different and characteristic of a given TB so t
the hexagonal symmetry is lost. Also, since thex coordinate
of the TB’s is random the structure is disordered in thex
direction so there is no long-range order either along they or
x directions, but there remains a strong orientational or
alongy. To complement the information of the direct imag
we use the FT in the inset of the same figure correspond
to a set of 12 images similar to the one shown. The cen
horizontal lines of the pattern correspond to the family
vortex planes pinned by the TB’s. The extension of the
lines is a measure of the dispersion in the distance betw
vortex columns. The bands in the top and bottom repres
the decorrelation between the vortices in the different vor
columns. As a test of these ideas we performed simulat
starting with ordered lattices and introducing successive
order, first in the correlation between columns, then in
column lattice parameter, and last in the column posit
along thex axis. We studied the resultant FT, finding that
evolves with the successive decorrelations towards the s
type of image seen in the FT of the decorations.

Averaging over ten pictures of;1300 vortices each, we
find an induction fieldB of 45 Oe with a dispersion of 1 Oe
It is remarkable thatB has the same average value in both
twinned and the TB-free region. Inspection of the vortices
the frontier shows that the deformations of the vortex latt
near a TB propagate one or two lattice parameters into
TB-free region so that the total magnetic flux is restored o
this distance. For the tilted magnetic fields reported in
following sections the average number of vortices also
mains the same in zones of the sample showing effec
vortex pinning by TB’s or regions with no pinning by twi
boundaries.

The pinning energy dominates over the interaction ene
here, as can be inferred from the fact that the hexago
lattice is completely lost. Because neighboring TB plan
have different vortex densities, in general the~vertical! col-
umns of vortices seen in the decorations have incomme
rate lattice parameters. However, there still remains a re
sion between vortex lines seen over short distances w
vortices in one column align with gaps in a neighboring o
Because of the incommensurability, however, this does
persist over long distances.

Using the expressions of the repulsive interaction betw
vortices of the London theory the interaction elastic ene
stored in the vortex lattice can be calculated from the co
dinates of the vortex images. In the twinned regions we
tain an average energy 25% higher and with more disper
over different parts of the sample than in TB-free zones. T
balance of the internal energy is supplied by the pinn
potential.

We evaluated the elastic energy that results when disp
ing the coordinates of the positions of a column of vortic
along they axis, leaving the coordinates of neighboring vo
tices unchanged. We find that the original position minimiz
the elastic energy. Displacements smaller than the mean
tex distance along the column raise the energy, and when
displacement is close to the mean vortex distance there
e.
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new but much shallower minimum, implying an imperfe
periodicity of the interaction potential in the column’s dire
tion.

Because the vortices are relatively rigid rods aligned
the TB’s, it may be possible to treat two neighboring vort
lines as interacting one-dimensional incommensurate ela
manifolds, such as in the Frenkel-Kontorova model.23–25The
model has solutions with compression and expansion
gions, ordered in the simplest cases,24 and disordered
otherwise.25 We have observed compression and expans
regions along the vortex columns, with no long-range ord
This could be an effect of the residual disorder on the tw
pinning potential, so a comparison with the models is di
cult, although it could be an interesting problem for futu
study. For other systems in the literature26 buckling of linear
vortex structures has been reported, and in fact we have
buckling in some of the vortex columns pinned to the TB
in the decorations atu50°. This complicates the situatio
and indicates that the direction perpendicular to the colum
cannot be completely ignored.

2. Field tilted 8° from the c axis

Figure 3 shows a decoration with the applied field tilt
8° from the c axis, in a partially twinned region of the
sample. This type of pattern is not exceptional but is o
served in several places.

An almost hexagonal lattice is seen in a region betwe
the TB’s, extending around 18 lattice parameters, from
left arrow to the right one in Fig. 3. There are two importa
differences with respect to equivalent decorations with
field in thec axis. The first is that the lattice is deformed: th
vortices pile up near the TB plane at the right hand side,
are stretched close to the TB plane to the left of the ima

This can be seen in Fig. 4 which shows the average d
sity of vortices as a function of the distance along thex
direction between the arrows in the previous figure. T
profile can be understood if we consider that vortices
locked inside the TB’s and follow the applied field betwe
TB’s. The field is tilted towards the right side of the figur
which would provide the deformation observed. The sam

FIG. 3. Image in a twinned region of the sample with the fie
tilted 8° from thec axis. There is a small twin-free region betwee
the arrows; notice the piling up of vortices at the right and stret
ing at the left boundaries of this area. Inset: FT of a twin-free reg
of the sample for the same field tilt~direct image is not shown!.
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PRB 62 3537INTERPLAY BETWEEN PINNING ENERGY AND VORTEX . . .
is 30 mm thick, so that a region of;30 sin(8°) mm
.4 mm will be deformed as sketched in the inset of Fig
in agreement with the width of the deformed regions.

The second important difference is the disorder of
lattice in the TB-free regions. Although the hexagonal sy
metry is preserved, there is more disorder than with the fi
parallel to thec axis. If the ordered lattice is produced b
nucleation and growth from the twin boundary plane, t
disorder observed in the tilted field can be explained by t
ing into account the fact that there is an additional deform
tion at the twin boundary. The deformation, which aris
from the piling up~or stretching! of the vortices, propagate
into the nucleating crystal. We also observe that in the lar
twin-free regions of the sample, the hexagonal lattice is m
ordered, but now it is no longer a single crystal and we h
found some grain boundaries. In at least one region m
than 50a0 away from a TB, we found that the hexagon

FIG. 5. Image in a twin-free region of the sample with the fie
tilted 65° from thec axis. The vortex chains can be clearly see
running in a horizontal direction. As a consequence of a small m
alignment of the field they are not exactly perpendicular to
~vertical! twin boundary direction. Inset: FT averaging over 1
similar images. Notice the hexagonal symmetry with bands ind
tive of disorder.

FIG. 4. Number of vortices as a function of the displacem
along x for the region between the arrows in the previous figu
Inset: schematic side view of the displacement of vortices in a tw
free region between two twin boundaries, when there is vortex lo
ing at the twin boundaries.
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lattice is rotated. The new orientation is such that a comp
vortex line is along thex direction. The corresponding Fou
rier transform is shown in the inset of Fig. 3, and the tw
spots aligned vertically indicate a compact horizontal pla
in contrast to the spots aligned horizontally seen in the in
of Fig. 1. The ellipse parameters are now 1.16 for the ecc
tricity and 52° for the angle of the major axis.

The fact that the field is tilted in this case introduces
further complication. Campbellet al.2 calculate that for a
tilted field in an anisotropic superconductor, there is bot
vortex lattice distortion and a preferred lattice orientatio
with a compact plane perpendicular to the rotation axis~i.e.,
it should be horizontal in our images!. The distortion calcu-
lated from their theory in YBCO at 8° is less than 1%, mu
less than the almost 20% distortion from theab anisotropy.
Unfortunately the theory only treats anisotropy in two ax
and does not include the effects of the vortex chains,27 so the
degree of orientation due to the tilt at 8° remains an op
question.

3. Field tilted 65° from the c axis

In Fig. 5 we show an image of the pattern obtained in
decoration with the applied field tilted 65° away from thec
axis, in a TB-free region of the sample. We have also p
formed decorations with the field tilted 40° from thec axis
and find qualitatively very similar results to those describ
below for 65°. In particular, we find that the deformatio
~piling up and stretching! of the vortex lattice images seen
8° tilt at the frontier of the TB-free and twinned region
disappears at higher tilt.

As was seen previously in BSCCO~Ref. 17! and YBCO
~Ref. 18! the vortices arrange in chains along the direction
the rotated field. Solution of the anisotropic Londo
equations27 in the limit H→Hc1 reveals an attractive vortex
vortex interaction with potential wells in the direction alon
the chains. The vortices in fields just aboveHc1 will sit in
these wells forming the chains. The spacing between
chains is set by the requirement that the average vortex
sity be correct.

The inset of the same figure shows the FT averaged o
12 TB-free areas. We can see six peaks indicating an h
agonal symmetry although~in contrast with the experimen
with the field in thec axis! we can observe the presence
vertical bands and the peaks in the bands are less int
than the central ones, indicating a developing decorrela
between the chains. In agreement with Gammelet al.18 we
find that in this range of fields and angles the intrach
distance is almost field independent (0.97mm here! and that
the interchain distance (1.35mm) accommodates to con
serve the magnetic flux. Therefore increasing angles imp
similar intrachain distances but increasing interchain d
tance, which means less interaction among the chains
favors decorrelation. However, a weak interaction betwe
chains remains, as can be inferred from the hexagonal s
metry observed. It is energetically favorable to place a vor
in one chain facing a gap in the neighboring chain due
vortex-vortex repulsion, ordering the chains in the hexago
pattern evident in the FT. Because of the weakness of
interaction, there is a considerable disorder, possibly du
point pinning, producing the bands seen in the FT. The
istence of relatively narrow peaks indicates that the dista
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3538 PRB 62J. A. HERBSOMMER, G. NIEVA, AND J. LUZURIAGA
between the chains and the intrachain lattice parameter
not affected too much by the point disorder.

In the twinned region the images are qualitatively diffe
ent as shown in Fig. 6. The characteristic alignment of
vortices in the TB’s is seen alongy in ‘‘columns’’ but in
addition vortex chains are visible, running almost paralle
the x axis. Comparing this pattern with the images of Fig
we can see that the relative density of vortices in the tw
boundaries is higher in Fig. 2. Therefore the effectivenes
the TB’s to pin the vortices is diminishing. In fact, in Fig.
we can observe that there are some columns that ha
‘‘lattice parameter’’ shorter than the interchain distance
there are others that only correlate the vortices along
y-axis direction, while the interchain distance remains
same. This can be confirmed by analyzing the FT in the in
of the same figure. There are sharp peaks which define
reciprocal vector perpendicular to the family of plan
formed by the chains and the horizontally stretched pe
correspond to the family of planes defined by the tw
boundaries. The stretched characteristic is due to the fact
there is no periodicity of thex coordinate of the TB’s and
therefore there is a dispersion in the reciprocal vector co
sponding to these planes. Here, we see a competition
tween two potentials tending to align the vortices in mutua
perpendicular directions. The interactions forming the cha
favors a constant lattice parameter alongx,27,18 but the pres-
ence of the channel-shaped potentials of the TB’s that h
randomx coordinates changes these coordinates in orde
gain pinning energy. By means of these two perpendicu
potentials and despite the nonperiodicity introduced by
TB’s the symmetry of the lattice is changing from hexago
to rectangular. This implies that both potentials are import
in determining the structure and there is no dominant ene
in this case.

4. Field tilted 75° from the c axis

In Fig. 7 we show a typical image of the vortex structu
in a TB-free zone of the sample corresponding to a fi
tilted 75° away from thec axis.

FIG. 6. Image in a twinned region of the sample with the fie
tilted 65° from thec axis. The vortex chains can still be seen in t
horizontal direction but they are deformed by the twin boundar
whose vertical orientation is also evident. Inset: FT averaging o
12 similar images. Notice the bands and the tendency to sq
symmetry.
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We can clearly see the chains and in agreement with
observations of Gammelet al.18 the intrachain distance is
similar (1.06 mm here, compared to 0.97mm at 65°) and
the distance between chains is different (2mm compared to
1.35 mm at 65°).

The interaction between the chains is reduced beca
they are further apart producing important changes in
ordering of the lattice. Looking at the FT in the inset of Fi
7 we can appreciate the vertical bands indicating alm
complete decorrelation between the chains. It theref
seems that the dominant energy scale at this angle is
‘‘chain potential’’ with a comparable but possibly smalle
contribution due to the ‘‘pinning potential’’ and an almo
negligible interaction between neighboring chains.

Figure 8 is a typical image of the same decoration exp
ment but in a twinned area of the sample. The tendency s
previously is confirmed and the effectiveness of the tw
boundaries continues to decrease with increasing an
From this picture we can see that most of the twin bou

,
r
re

FIG. 7. Image in a twin-free region of the sample with the fie
at 75° from thec axis. Inset: FT averaging over 12 similar imag
showing decorrelated narrow bands, which indicate a well-defi
interchain and intrachain spacing, but decorrelation between
chains.

FIG. 8. Image in a twinned region of the sample with the field
75° from thec axis. The pinning effect of the twin boundaries
visible in the vertical line marked with arrows. Inset: FT showin
an almost square lattice, produced by the vertical correlation
few points and the horizontal correlation produced by the ch
potential.
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PRB 62 3539INTERPLAY BETWEEN PINNING ENERGY AND VORTEX . . .
aries~marked with arrows! are only effective in correlating
the vortices along they-axis direction but they are not ca
pable of enhancing the vortex density along them.

Few columns with increased vortex density are seen,
in some cases the vortices are displaced a little in thex di-
rection. The thick arrow marks a TB in Fig. 8 in which w
can appreciate that the vortices are not aligned with the
but are forming kinks in the vortex column pinned to t
twin boundary. In this way they gain some pinning ener
from the TB and some interaction energy by aligning w
the chain despite of repulsion energy they lose by be
close together in pairs. The existence of kinks where
chains intersect the TB’s argues for a rough equivalence
tween chain and TB pinning potentials.

The remaining influence of some of the TB’s produce
correlation along they axis. In fact a tendency to place vo
tices in neighboring chains in front of each other is observ
and this produces the rectangular correlation seen in the
of Fig. 8. The interaction between chains is not so import
since they are farther apart. Therefore, the chains can o
mize their pinning energy by having a vortex inside one
the few remaining strong pinning twin boundaries disrega
ing interchain repulsion. In the limit where only a single T
is effective and one vortex in each chain becomes pinne
it, perfect correlation in they direction would result. Corre-
lation would also propagate alongx, because the spacin
along the chains is set by the constant chain potential. H
ever, when several TB’s are present at random intervals
with possible random point pinning the imperfect lattice o
served is obtained instead.

In the inset of Fig. 8 we show the FT corresponding to
different pictures taken in twinned regions from the last e
periment. The characteristics described above are confir
in the Fourier transform: this corresponds to an almost r
angular vortex structure. The slight horizontal stretching
the peaks is due to the nonperiodic position of the TB’s
it is important to remark that this feature is much less p
nounced than for smaller tilt inH.

In FC decoration experiments, although they are p
formed close to 4.2 K, the lattice observed has solidified
higher temperature as also observed in Refs. 18, 28, and
This is inferred from the fact that in all our magnetic dec
rations the average vortex density at the crystal surface, m
sured from the decoration pattern, was close to the typ
equilibrium magnetization22 seen at higher temperature
This indicates a freezing of the vortices, due to the sl
vortex creep below the vortex liquid-solid transition. For t
same reason, it is meaningful to compare the ac suscep
ity measurements at the shielding onsetT* with the decora-
tions.

Thus, we infer that our decorations at 4.2 K have inf
mation about the phases formed at the transition from
liquid to the solid state. For values ofu;0 and 8° the solid
shows only orientational order and there is evidence fo
lock-in phase. Grigeraet al.30 have shown by a scaling analy
sis that for small tilts the transition is to a Bose glass, wh
for larger angles no scaling can be shown and there app
to be a change in the order of the transition. For intermed
anglesu540° and u565° our decorations show that th
lock-in phase has been lost. Because the experiment
Grigeraet al.30 are at much higher fields, we must be ca
d
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tious to make conclusions, but there is a rough corresp
dence between the scaling region30 and the lock-in region.

Other decoration experiments on YBCO~Ref. 7! find that
the effectiveness of the pinning by the TB’s disappears
angles greater than;45° in contrast to what we see abov
We do not know the reason for the discrepancy, but it co
be due either to a difference in the quality of the differe
samples or to the fact that the crystals of Grigorievaet al.7

have TB’s in perpendicular directions which may decrea
the overall pinning effectiveness in tilted fields. The effe
tiveness of the pinning at high angles is also surprising if o
considers some theoretical estimates.13 In this last reference,
the pinning potential was estimated from decorations at
K and the elastic energy of the lattice was estimated at
temperature. However, the lattice is frozen in well above
decoration temperature, and this was not taken into acco
in the theory, so that there is a need for better estimates

B. Susceptibility

In this section we show the results of ac susceptibi
measurements we performed in the same sample in ord
correlate static~magnetic decorations! and dynamic~ac sus-
ceptibility! properties of the vortex lattice. We measured t
transverse ac susceptibilityx' in the linear regime. The rea
componentx'8 is related to the shielding capability of th
currents whilex'9 , the imaginary part, is related to the di
sipation. In the inset of Fig. 10, below, we show the config
ration of the magnetic fields applied: the dc magnetic fi
H552 Oe is tilted in a plane perpendicular to the orient
twin boundaries and a small ac fieldhac is applied in theab
planes parallel to the TB’s. In this way the ac currents
duced in the sample are forced to flow in two directions,
theab planes and across them. The Lorentz forces gener
by the shielding currents exert a tilting stress on the vor
lattice in a plane parallel to the twin boundaries.

The ac susceptibility data were taken with a frequencf
52318 Hz and with the ac field amplitudehAC590 mOe.
We checked that the response was within the linear reg
over the whole range of dc fields and temperatures repor
We also confirmed that all our measurements are consis
with a Campbell31,32 regime. In fact, from frequency depen
dence measurements, analysis ofx'8 vs x'9 curves, and ac
penetration length studies we conclude that in our exp
ment the tilting stress is small enough to only move t
vortices in the bottom of their pinning potential wells. Mo
details of this analysis will be reported in a future public
tion.

In Fig. 9 we show the results of the real part of the
susceptibility,x'8 ~upper panel!, and imaginary partx'9 as a
function of temperature for four selected angles.

From these curves we have determined the tempera
T* at which a fixed value of the screeningx'8 520.45 is
reached, as a function of the angle of the magnetic fie
Figure 10 shows the angular variation ofT* . As the vortices
are oriented in a different direction with respect to the crys
axes it is expected that the response will evolve followi
the characteristic anisotropy curve, as found, e.g., in Ref.
However, the observedT* does not follow the behavior typi
cal of the crystal anisotropy, which should have a shall
minimum around thec axis, and we attribute this behavior t
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the effect of pinning by the TB’s. Withu50 (Hic) there is
a dip in the curve showing that the temperature must
lower to reach a given screening, indicating a ‘‘softer’’ la
tice. As the field is tilted, the lattice seems to increase
stiffness until aroundu512° where againT* decreases for
increasing angles. A minimum inT* is observed again fo
u.70° and then there is an abrupt increase. The increa
again much higher than expected from the anisotropy of
material, and could be due to pinning in by the Cu-O plan

These features of the susceptibility can be related to
features observed in decoration experiments. Decorat
have been performed at the angles indicated by arrow
Fig. 10.

At u50 the lattice outside the zone with TB’s is ordere
and seems to be weaker with respect to the shear strain
duced byhac than atu58°. This can be understood if w
recall that near twin boundaries, we observe a deforma
which effectively couples the vortices between the TB’s
those inside. This enhances the shear modulus of the s
ture, increasing the shielding capability.

Transport measurements by Kwoket al.33 in tilted fields
and similar force configuration on the vortices have be

FIG. 9. Real part of the susceptibilityx'8 ~upper panel! and
imaginary partx'9 ~lower panel! as a function of temperature fo
different values of the angle between the dc magnetic field and
c axis of the crystal.

FIG. 10. Temperature where the shielding reaches 45% of t
screening, as a function of angle. Inset: configuration of the ac
dc fields, with respect to the twin boundaries and axes of
sample.
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interpreted in this way, although the angles over which
hancement is observed are smaller. However, susceptib
measurements at higher fields in our samples, show that
angle decreases with field.

We observe a maximum inT* is detected inu512° and
for angles greater than this value a decrease in the scree
capability of the system as is usual in the angular dep
dence corresponding to susceptibility measurements
samples with correlated defects.14 This decrease of the effec
tiveness of the pinning with angle is usually interpreted
due to a loss of pinning efficiency in theaccommodation
regime1,12–16 since the vortices are partially pinned to th
correlated defects in a staircase pattern and the pinned
tion decreases with angle. Although decorations only sh
the vortices coming out of the upperab plane of the crystal,
they are consistent with a staircase pattern whenu540° and
u565°. There is no deformation of the vortex lattice in th
frontiers between the TB and TB-free regions, indicating t
the lock-in effect is lost in this angular range. We contin
detecting ‘‘free’’ and pinned vortices in the images wi
smaller vortex density enhancement in the TB’s, indicat
that the pinning at the TB’s has reached a small value.

Looking at images taken at angles greater and sma
than 70°, the change in structure in the decorations is r
tively subtle. However, the dynamics of the FLL suffers
abrupt change atu;70°. We can understand this contrast
we imagine a change in the FLL that modifies the dynam
and consequently the results of ac susceptibility but does
greatly affect the pattern of a decoration in the surfa
sample. One possibility is that the free segments of the s
case vortices lock in the Cu-O planes. In this situation, w
segments pinned to the TB’s and segments locked in
Cu-O planes, the restriction for the vortices to tilt is mo
important than in the previous arrangement. This change
riously affects the dynamics but probably is undetectable
the decoration experiment.

IV. CONCLUSIONS

The changes in the pinning of the twin boundaries as
field is rotated have been investigated by means of Bi
magnetic decoration and ac susceptibility. We have fou
evidence that for small tilts away from thec axis, the vortices
inside the TB’s remain locked to thec-axis direction, while
those outside the TB follow the direction of the magne
field. This induces a deformation of the FLL that enhanc
the shear constant of the lattice. It is confirmed by an abr
increase in the screening capability in the ac susceptib
for angles up to 12°. For angles greater than 12° we find
results consistent with an image in which the vortices
range in a staircase pattern. In this range we lose the de
mations in the frontiers between twinned and twin-free ar
and we see the usual decrease of the screening with a
due to the weakening of the correlated pinning potential.
this range (12° –70°) there is a competition between the
pinning potential and the chain potential which are perp
dicular to each other. The deformations of the flux line latt
produced by the TB and the chain potential can change
symmetry from hexagonal to almost square. Inu;70° we
detect through the ac susceptibility an abrupt increase in
screening capability which we interpret as a lock-in of t
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free segments of the staircase vortices into the Cu-O pla
This change is not detected in the magnetic decoration.

In addition to the previous results we found that the tw
boundaries probably act as a centers of nucleation during
growth of the vortex lattice. In thec-axis decoration we
found a preferred orientation of the lattice in the twin-fr
region which is the one that has a compact plane paralle
the twin boundary. For the decoration of 8° away from thc
axis the deformation in the boundary between twinned
twin-free zones propagates into the twin-free region at le
50a0 away from the TB that acts as a seed.

We have demonstrated that the study of the structures
result from the tilting of the field in a geometry as describ
above is an excellent way to understand the interplay
competition of two correlated potentials at right angles fro
each other. Tilting the field we can modify the relative im
portance of the energy of interaction and the pinning ene
,

. J
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and in this way a fine-tuning of these energies scales is p
sible. Moreover, we have showed that the combination
two very different experimental techniques can be a powe
way of comparing the dynamics and static characteristics
the vortex structure.
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