
PHYSICAL REVIEW B 1 MAY 2000-IVOLUME 61, NUMBER 17
Interaction of vortices with oriented twin boundaries in single-crystal YBa2Cu3O7Àd

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

~Received 24 August 1999!

We have studied the response of the vortex lattice~VL ! in a YBa2Cu3O72d sample with oriented twin
boundaries~TB’s! and in an untwinned sample. In the twinned sample the density of twin boundaries is
estimated from decoration experiments. The TB’s affect the liquid-to-solid transition in the vortex structure,
which is of first order in the twin free crystal and to a Bose glass in the twinned sample. We measure the ac
susceptibility, and find that the response strongly depends on the orientation of the probing ac field with respect
to the TB’s. The ac field produces a tilting stress on the vortices. With the applied dc magnetic fieldHdc

parallel to thec axis, the response of the VL is weaker when the tilt is parallel to the TB’s than when it is
perpendicular or at 45 degrees to the TB’s. The results are explained by the fact that the VL is locked to the
twin boundaries for small deviations ofHdc from thec axis and is partially pinned to them for larger angles.
By measuring over the whole angular range we estimate the angles over which each regime is realized for
different temperatures. The results of the detwinned sample are used for comparison.
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I. INTRODUCTION

The interaction between correlated defects and vortice
high-Tc superconductors is important both in determining
order of the phase transitions of the vortex structure and
resultant pinning in the solid.1–6 For this reason, it is impor-
tant to characterize the behavior of the vortices in the p
ence of correlated disorder.

YBa2Cu3O72d ~YBCO! usually presents twin boundaries7

~TB’s! that introduce dramatic changes in the pinning of
vortex lattice.1,8,9 The twin boundaries form planarly corre
lated defects parallel to thec axis with highly anisotropic
pinning properties. They form an angle of approximately 4
with respect to both thea and theb axes.

The pinning by correlated defects, such as TB’s, is
pected to be maximum when both the defect and the app
field are almost aligned. Over a small angular range, in
lock-in regime the vortices will follow the defect, and not th
direction of the field. For larger angles, anaccommodation
regime is expected, where the vortices are partially alig
with the defects, and for larger misalignment of field a
defect a free vortex state is found.1,6,10–13 Nelson and
Vinokur4,14 have proposed that in the presence of correla
defects the vortex lattice presents a Bose glass trans
when the dc field is applied parallel to them. The correla
defects stabilize a new low-temperature glassy phase
which the vortices are localized inside the defects. Althou
the theory has been developed for columnar defects,
Bose glass phase has also been found experimentall
twinned YBCO.5 Single crystals with no twin boundaries, o
the other hand, show a first-order phase transition into a
tex crystal.15,16

Normally YBCO single crystals grow with TB’s oriente
at right angles to each other and this complicates the m
surements of their directional properties and the way t
affect the dynamics of the vortices. However, some crys
grow with twin boundaries in a single direction, and we ha
selected one with such characteristics for the present wo

We study the anisotropic behavior of the vortex lattice
PRB 610163-1829/2000/61~17!/11745~7!/$15.00
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this crystal by measuring the response to an ac magnetic
oriented in different directions with respect to the TB’s.
addition we can rotate the external dc magnetic field so
we cover the whole angular range, from the direction para
to the c axis to the direction of thea-b planes. A second
sample which has been detwinned under uniaxial comp
sion has also been measured. In this way, we probe the e
of the material anisotropy in the twinned sample with t
different vortex-TB orientations, as compared to that of t
detwinned sample first-order phase transition.

II. EXPERIMENTAL DETAILS

We have measured a single crystal of YBa2Cu3O72d with
oriented twin boundaries, identified as sample TW. We a
study a detwinned single crystal of the same material
ferred to as sample DTW. The YBCO crystals come from
batch prepared using a flux-growth technique as describe
Ref. 17.

Sample TW was fully oxygenated with aTc value of 92.6
K and a zero-field transition widthDT50.6 K ~taken from
the width at half maximum of the peak in the dissipati
component of the susceptibility measurement!. Sample DTW
was detwinned applying uniaxial stress following a proc
dure similar to that described in Ref. 18 and was fully o
genated after that procedure. Under polarized light
sample showed no evidence of TB’s and had a value ofTc
591.7 K with a sharp zero-field transitionDT50.5 K.

In order to confirm that sample TW had twin boundari
in only one direction we used the magnetic Bitter decorat
technique.19–21 The decoration was made at 4.2 K using
field-cooling ~FC! procedure with an applied field of 52 O
perpendicular to the Cu-O planes. The images were obta
with a scanning electron microscope~SEM! at room tem-
perature. More detailed information is available in Ref. 2
By analyzing images over the whole area of the sample
have found that around 65% of the vortices are locked to
parallel twin boundaries with TB free regions scattered
irregular bands in between and no evidence of TB’s in
11 745 ©2000 The American Physical Society
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11 746 PRB 61J. A. HERBSOMMER, G. NIEVA, AND J. LUZURIAGA
different direction.21 This confirms the observations mad
with polarized light, but the decorations have both a hig
resolution, and refer specifically to the effectiveness of
TB’s for pinning the vortices. It is important to remark th
the proportion of pinned vortices was observed for an
plied dc field ofH552 Oe and it may be different for highe
fields. However, the experiment is, as far as we know, uni
in giving a quantitative description of the effectiveness of
twin boundaries as pinning centers.

The results reported in this paper are obtained measu
the transverse ac susceptibilityx8 in the linear regime. A
small ac field is applied in the direction of thea-b planes. In
this geometry, in contrast to the more usual one in which
ac field is parallel to thec axis, the ac currents induced in th
sample are forced to flow in two directions: within thea-b
planes and parallel to thec axis. Analysis of the Lorentz
forces indicates that they exert a tilting stress on the vo
lattice ~VL ! as is shown in Fig. 1~a!. In this sketch we can
see that a vortex is subject to a tilting force which tends
move the vortex in a plane perpendicular to thea-b planes
and in the direction ofhac . From this analysis we see tha
choosing the direction of the ac field with respect to t
sample we can get information on the response of the VL
a tilting stress in specific orientations.

In of Fig. 1~b! we show the three configurations ofhac
that we used in the measurements of the twinned sampl
the configuration Twin-Out;hac is normal to the planes o
the TB’s so the tilting stress would move the vortices out
the TB. The dc magnetic fieldHdc is applied at different
angles from thec direction and the axis of rotation is alway
parallel to thehac direction so in this case the plane of rot
tion of Hdc coincides with the TB planes and the vortices a
always parallel to the TB’s.

In the configuration Twin-In;hac is parallel to the TB
planes so the stress produced would tilt the vortices in pla
parallel to the TB’s. The plane of rotation ofHdc is orthogo-
nal with the planes defined by the TB’s and this means t
in contrast to the previous configuration, this geome
forces the vortices to adopt a staircase pattern for some
ues of u.1,6,10–13 The last configuration is refired to a
Twin-45 andhac is oriented so that the vortices are forced
tilt at 45 degrees from the planes of the TB’s. The rotat

FIG. 1. ~a! Configuration of ac field and induced currents wi
respect to the crystal axes and twin boundaries.~b! Plane of rotation
of the dc magnetic field~H! and orientation ofhac with respect to
the twin boundaries in the three configurations used.
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plane ofHdc has a normal vector 45° from the normal vect
of the TB planes. In this geometry, as in the Twin-In co
figuration, the vortices are forced to arrange in a stairc
pattern in the accommodation regime. The force on the v
tices has components parallel and perpendicular to the T

The susceptibility measurements were carried out
means of a mutual inductance technique and the excita
and detection was made using a two-phase lock-in ampl
~PAR 5302!. The proper phase of the lock-in amplifier wa
set by measuring the sharp transition of a niobium sam
All the susceptibility measurements reported here have b
taken in field cooling experiments with the magnetic fie
Hdc applied at angleu from the c axis and the plane o
rotation ofHdc perpendicular tohac .

III. RESULTS

In Fig. 2 we show the real component of the susceptibi
x8 as a function of temperature, for the three configuratio
of hac . The dc fieldHdc51390 Oe is parallel to thec axis
in these measurements. The curves have been normalize
the value at low temperatures of the zero-field transiti
where the shielding fraction is one (x8521). These curves
were obtained using a excitation field ofhac590 mOe and
frequencyf 52318 Hz.

When the sample is cooled from aboveTc , a sharp in-
crease of the screening capability is observed at a temp
ture we will identify asTj . This feature is frequency inde
pendent.

Lowering the temperature further, the absolute value
the screening increases smoothly and there is a plateau
lowed by a drop, reaching the total flux expulsion at a te
peratureT.40 K. This part is frequency dependent. In co
trast to other experiments reported,22 where shielding
currents run only within the Cu-O planes, the shielding fra
tion only reaches its full value at rather low temperatures.
the plateau the shielding fraction is maximum for the Tw
Out configuration, when the force on the VL is perpendicu

FIG. 2. Real component of the susceptibility as a function
temperature for the detwinned sample and the three configura
of hac in sample TW. Line: Twin-In configuration, open square
Twin-45, full traingles: Twin-Out, open diamonds: sample DTW
Inset: Campbell penetration depth for the Twin-Out configurati
In all cases the dc field is in thec-axis direction and has a value o
1390 Oe.
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PRB 61 11 747INTERACTION OF VORTICES WITH ORIENTED TWIN . . .
to the TB’s and minimum in the Twin-In configuration
when it is parallel to the TB’s. The step inx8 at Tj for the
Twin-In configuration is also somewhat less abrupt than
the other two cases. The abrupt change in shielding aTj
could be interpreted as a transition from a vortex liquid to
solid, and the structure seen inx8 below Tj should be as-
cribed to changes in pinning of the solid vortex lattice.

In Fig. 3 we can observe the out-of-phase componen
the ac susceptibilityx9 corresponding to the Twin-In an
Twin-Out configurations, using the same normalization
x8. These curves represent the dissipation of the scree
currents induced by the probing ac field.23 Both curves show
a narrow peak at temperatureTj and a broad maximum tha
corresponds to the low-temperature structure ofx8. Although
the features have similar characteristics in the two confi
rations there are important differences between them. In f
the peak atTj of the Twin-Out data is narrower and high
than the peak of the Twin-In configuration. This is related
the fact that the jump inx8 of the Twin-In configuration is
smaller and broader to that corresponding to the Twin-O
geometry.

Another important difference is the broad low
temperature maximum in each curve. The Twin-Out ma
mum is lower than that seen in the Twin-In curve and
will show below that this is related with the degree of fre
dom in the solid state for the movement of the vortices
response to the different tilting forces induced by the exc
tion field hac in the different geometries.

As a general characteristic of the dissipation data we h
to remark that our values are very low in comparison w
dissipation values of the Bean critical state or diffusive
gimes in the usual geometry ofhac parallel to thec axis.21,24

In fact, our maximum value of dissipationxmax9 is always
lower than 0.04, while in the critical-state regimexmax9
50.235 and in the diffusive regimexmax9 50.44.23 We inter-
pret this low dissipation as additional evidence that we
measuring in the Campbell regime in which the excitat
field is so low that the vortices move slightly in the botto
of their pinning potential.

We have checked that the response is within the lin
regime, by taking similar curves under different ac exci
tion, changinghac from 9 mOe to 1 Oe. For the lower value

FIG. 3. Out-of-phase component of the ac susceptibilityx9 cor-
responding to the Twin-In~open circles! and Twin-Out ~full
squares! configurations, the dc field is in thec-axis direction and
has a value of 1390 Oe.
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of hac,0.1 Oe, the curves superpose, while for higher e
citation some amplitude dependence is seen. This de
dence is much more marked in the region of the plateau
at lower temperatures, while the step atTj is constant, within
the experimental resolution, for all values ofhac .

To determine theH-T phase diagram we have measur
the susceptibility with the dc field oriented along thec axis
for different values of the modulus of the dc magnetic fie
The data are presented in Fig. 4. The inset shows thex8 vs T
curves for the Twin-45 configuration. The pointTj in the
H-T diagram was defined by taking the temperature wh
the value ofx8520.12. This coincides with the temperatu
of the peak in the value of the imaginary componentx9.

It was found that the configuration ofhac ~i.e., the direc-
tion of the applied force! influences the position ofTj in the
H-T diagram. For a given value ofHdc the temperatureTj is
seen to be shifted towards lower temperatures when the f
on the vortices is parallel to the twins, but when the force
at 45 degrees or perpendicular to the twins, both lines co
cide within experimental error. This shift inTj will be dis-
cussed further on, when analyzing the angular variation
Tj .

Sample DTW shows aTj which is lower than for allhac
configurations of sample TW. In this case the abrupt cha
in x8 ~the inset of Fig. 4 is not due to the existence of TB
but to the formation of a vortex crystal through a first ord
phase transition. Magnetization,25,26 transport,27 flux
transformer,28 specific heat,16 etc., show always jumps an
sharp transition in detwinned samples and we underst
thatC44 has to show the same behavior. In theH-T diagram
~see Fig. 4! the lines belonging to the twinned samples in
the configurations are always above the ‘‘melting line’’
the detwinned sample. This fact is in agreement with
Bose glass theory4 that predicts a higher liquid-solid trans
tion temperature when the sample has correlated defects27

All the H-T curves could be fitted very well by a parabo
of the typeH5H0(Tj2Tc)

2. The solid lines in the graph ar
fits to this expression.

We have studied the angular dependence of the VL
sponse, and Fig. 5 shows thex8 vs T curves corresponding to
Hdc51390 Oe for different values of the angleu between

FIG. 4. H-T phase diagram. Open triangles: Twin-Out config
ration, filled squares: Twin-45, filled circles: Twin-In, open di
monds: sample DTW. Inset:x8 vs T curves for the Twin-45 con-
figuration ofhac for different values ofHdc .
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11 748 PRB 61J. A. HERBSOMMER, G. NIEVA, AND J. LUZURIAGA
the c axis and Hdc . As in the previous resultshac
590 mOe, f 52318 Hz. The ac field is in the Twin-Ou
configuration.

It can be seen that the curves change with angle in
anisotropic material. In particular there is a shift in the te
peratureTj ~defined by thex850.12 criterion! which is pre-
sented in Fig. 6, while the behavior belowTj follows a dif-
ferent pattern. The behavior belowTj seen in the Twin-In
and Twin-45 configurations is more complicated, and will
treated in detail elsewhere. We will only remark that in ge
eral, the shielding fraction belowTj is smaller than in the
Twin-Out configuration. In these other configurations, a
for some values ofu, the shielding is nonmonotonic, show
ing a broad, shallow maximum, probably due to a soften
of the solid which allows a better accommodation to t
pinning centers as in the peak effect.29

The angular dependence ofTj /Tc at a fixed modulus
Hdc51390 Oe is shown in Fig. 6, including all the differe
hac configurations used in this work. The samex8 criterion
and values ofhac and frequency mentioned above were us
to defineTj in all configurations.

FIG. 5. x8 vs T curves corresponding toHdc51390 Oe for
different values of the angleu between thec axis andHdc in the
Twin-Out configuration. Inset:x8 vs T curves for the threehac

configurations withu590 .

FIG. 6. Angular dependence oft j5Tj /Tc for a fixed modulus of
1390 Oe of the dc field. Open diamonds: sample DTW. Sample
filled circles: Twin-In configuration, open triangles: Twin-45 co
figuration, filled squares Twin-Out configuration, full line: anis
tropic superconductor withg55.5. Inset: Low angle detail.
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It is evident that the curve for the Twin-Out configuratio
is the one showing simpler structure. In this configuratio
because of our geometry~see Fig. 1! the dc field rotates
inside a plane parallel to the twin boundaries. Therefore,
static magnetic field does not cut the twin boundaries and
TB-vortex interaction is that of a vortex parallel to the tw
for all u values. The difference inTj with angle is then due
mainly to the anisotropy of the material. However, close
the Cu-O planes (u590°) the curve has the form of a cus
However, the variation of critical current with angle e
pected from the anisotropy of the material,6 plotted as a full
line in Fig. 6, shows a maximum. The enhancement ofTj
observed in this material as a cusp close tou590° is prob-
ably due to pinning by the Cu-O planes where a ‘‘smec
phase’’ could be nucleated.30

In the Twin-45 configuration the dc field rotates in a pla
45° away from the TB’s and therefore the vortices are p
allel to the TB’s only foru50. It is seen that foru50, Tj is
maximum, and its value coincides with that of the Twin-O
configuration. When the field is rotated, the vortex-TB inte
action is reduced and this causes a decrease ofTj with in-
creasing tilt ofHdc until aroundu'15° the TB-vortex inter-
action is ineffective and there is an increase following t
anisotropy. Close to the Cu-O planes, again an enhancem
of Tj over the curve corresponding to the anisotropy is se

The Twin-In configuration shows the more complicat
structure. Here the force on the vortices is parallel to
TB’s and the dc field rotates in a plane perpendicular to
twin boundaries. Atu50 the value ofTj is lower than for
the cases discussed previously, but when tiltingHdc away
from the TB’s direction there is an increase inTj until u
54°, then a decrease, and foru.15° the characteristic be
havior of the anisotropy is followed.

The detwinned sample~DTW! shows fair agreement with
the behavior expected from the anisotropy, but as in sam
TW, the same enhancement ofTj is observed whenHdc is
close to the Cu-O planes. The whole curve is shifted towa
lower temperatures with respect to the twinned sample
corresponds when the transition is to a vortex solid.

The angular dependence ofTj has also been studied fo
other values of the modulus of the dc magnetic field. Fig
7 shows the results, for the Twin-In configuration for valu
of the modulus ofHdc of 52, 750, and 1390 Oe.

The definition ofTj and the frequency and amplitude o
hac are the same as in the previous figures. It can be seen
the features of the different curves are preserved, altho
the positions of the maxima and minima change with
modulus of the dc field. There is always a minimum inTj at
u50 and then a maximum atu1 when the angle is increased
followed by a broad minimum atu2. Both u1 and u2 de-
crease with increasing modulus ofHdc giving a correspond-
ing temperature dependence. In the inset of Fig. 7 we sh
the sine of these angles multiplied by the dc magnetic fi
plotted against (12T/Tc).

IV. DISCUSSION

Nelson and Vinokur4,14 have predicted that the Bose gla
should show special characteristics that differentiate it fr
the vortex glass.31,32 One such characteristic is that, at th
transition, the tilt modulusC44 diverges as

;
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C44;
1

~T2TBG!n
~1!

and this implies that the superconductor is capable of scr
ing perfectly a transversal dc field in a ‘‘transversal Meiss
effect.’’ As we described above, the curves of Fig. 2 show
sharp increase of the screening capability of the system
temperatureTj . This response is not usual for YBCO wit
more conventional probing forces22 and we interpret this
sharp increase of the screening atTj as an important chang
of the response to the tilting stress produced by the prob
ac field. The change in theC44 is a manifestation of the Bos
glass transition from the liquid to the solid vortex lattice. T
understand more quantitatively these results we can tr
form our susceptibility data to ac penetration lengthlac by
means of the expression33,34

x85
2lac

d
tanh

d

2lac
~2!

corresponding to our slab geometry, whered is the thickness
of the sample. As is shown in the inset of Fig. 2 for t
Twin-Out configuration,lac changes its value from̀ in the
liquid to 0.3 d in the solid in less than 1 K. This last valu
probably depends on the number of twin boundaries pre
and their effectiveness for increasing the tilt modulus of
the lattice~in our sample 65% of the vortices are pinned
TB’s for Hdc552 Oe as seen in Bitter decoration expe
ments!. One remarkable characteristic of the jump is the f
quency independence of this feature; we have measured
416 to 10 000 Hz without detecting any change. In contr
the low-temperature structure is frequency dependent.

One point that is interesting to discuss is how far is
jump from the critical region of the phase transition. Br
canovicet al.35 have performed measurements of ac susc
tibility ( hac parallel to thec axis! and resistivity in a single
crystal of YBCO in the linear regime also explored by u
They have found that the susceptibility starts to show a n

FIG. 7. Angular dependence ofTj for different values of the
modulus of the dc field. Full circles:Hdc552 Oe, open squares
Hdc5750 Oe, full triangles:Hdc51390 Oe. Inset: Temperatur
dependence ofH sin(u1) andH sin(u2).
n-
r
a
t a

g

s-

nt
ll

-
m
t,

e
-
p-

.
-

zero value of the screening and dissipation when the res
ity has an abrupt drop upon lowering the temperature. T
result implies that in the critical region, where it is possib
to make a scaling analysis using transport techniques,
susceptibility has a finite value. We cannot be certain that
jump we detect inx8 is in the critical region, but it is prob-
able thatTj is very close below the Bose glass transition. O
experiment should be sensitive to a divergingC44.

The x8 curve corresponding to the Twin-In configuratio
shows a jump that is smaller and broader than in the o
configurations. We interpret that in this geometry the vo
ces that are in the TB free regions can move freely and
vortices that are in the TB’s can move along the chann
shaped potential of the TB’s determining that the sharp ch
acteristic of the screening is lost. In this condition the p
turbation ac field penetrates in the sample with a largerlac
determining a smaller jump and a worse screening.

Thex8 curve of the Twin-45 configuration is intermedia
between those of the Twin-Out and In configurations. B
cause the potential of the TB’s is very directional, the
could exist the possibility of ‘‘channeling’’ of the vortice
when a force with components parallel to the TB’s is a
plied. In this case, with force at 45 degrees, the displacem
along the TB’s should dominate, and the signal should
closer to the Twin-In configuration. This is not observed
the measurements, and an intermediate screening, com
ible with an average anisotropic pinning is observed.
transport measurements, Pastorizaet al.36 have seen a simila
anisotropic behavior for vortex motion, when the critical cu
rent is very close to zero.

In the inset of Fig. 4 we can observe the curvesx8 vs T
for different values of the dc applied fieldHdc . The data
correspond to the Twin-45 configuration~all the configura-
tions show qualitatively similar behavior!. The more visible
change is the variation of the low-temperature structure
fact, the broad plateau washes out for lower values of the
magnetic field. From an analysis of thelac curves and relat-
ing them to the elastic constants involved in this experim
we found that the change is due to the field dependenc
C44} B2. Due to the length of this analysis we will discus
it in detail in a future paper.

Referring to the lines of the different configurations w
have to remark that although we can appreciate differen
between them the temperature of the onset of the scree
coincides in all the configurations for each value ofHdc .
The differences are due to the broadness of the jump and
criterion adopted to determineTj . Then the shift observed in
the Twin-In configuration for example is an indication of th
broadness of the jump discussed previously.

We turn to the question of how thex8 vs T curves change
with the angleu of the applied magnetic field. Figure
shows several typical curves for different angles ofHdc in
the Twin-Out configuration. Observe that the curves fromu
50° to u582° look almost the same and for angles grea
than this last value there is an abrupt transition to curves
show a better screening. From these observations we
clude that in this configuration, in which the plane of rotati
of Hdc coincides with the TB planes, the dynamics of t
lattice is not very much dependent on the anisotropy of
material but the Cu-O planes have a strong effect. In fact,
understand that in this configuration the vortices are alw
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11 750 PRB 61J. A. HERBSOMMER, G. NIEVA, AND J. LUZURIAGA
in the TB’s but for angles close to the Cu-O planes proba
they feel attracted by the intrinsic pinning of the planes. F
lowing this idea we interpret the change atu582° as a
lock-in of the vortices in the Cu-O planes. In this case
vortices would be pinned in the Cu-O planes and the TB’s
the same time and this fact would greatly reduce the deg
of freedom of the system, improving drastically the scre
ing properties of the superconductor. Observe that the Tw
Out is the only configuration that allows the arrangemen
vortices as proposed. In the other two configurations i
impossible for the whole length of the vortex to be in bo
correlated potentials at the same time. One measuremen
confirms our interpretation is presented in the inset of Fig
In this figure we show the curves obtained for the FC exp
ment of H51390 Oe applied in the Cu-O planes for th
three configurations. We can observe that the Twin-Out c
figuration shows better screening than the other two, wh
approximately coincide between themselves. This effectiv
indicates that the configuration in which the vortices have
possibility to stay in both potentials at the same time scre
better than the other two configurations, in which they
arranged in a staircase pattern.

The angular dependence ofTj seen in Fig. 6 varies
strongly when changing the orientation ofhac . The mini-
mum in Tj for u50 in the Twin-In configuration corre
sponds to a maximum in the Twin-45 configuration. Bo
angular curves coincide foru.u1, so the difference is re
stricted to the angles where we would expect alock-in re-
gime. Because the Twin-In configuration tends to move
vortices parallel to the TB’s, the vortices inside and outs
the TB’s will be coupled through the shear modulus of t
vortex lattice. The minimum seen inTj at u50 corresponds
to a configuration where the vortices outside the TB’s a
those inside are parallel. ForuÞ0 some vortices are locke
to the TB’s and those outside follow the field, which i
creases the coupling between these two types of vortex
creasing the effective shear modulus of the whole vor
structure and therefore increasingTj . The divergence ofC44
at the transition must be coupled to the shear modulu
order to be observed in the Twin-In configuration, and this
the origin of the different behavior seen with respect to
Twin-45 configuration.

For small angles,u,u1 the vortices are expected to be
the lock-in regime. This interpretation was confirmed for lo
dc fields by the decoration experiments,21 and because of the
evolution seen when the modulus ofHdc is changed,~see
Fig. 7!, we believe this regime persists in all the fields stu
ied. The evolution ofu1 indicates how the frontier change
,
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with temperature. According to Zhukovet al.13, the maxi-
mum angle where thelock-in exists obeys the equation

H sin~wL!5
«0

f0
sin~wT!, ~3!

wheref0 is the flux quantum,«05(f0/4pl(T))2 is the line
energy@;(12t) for small t] and cos(wT)5«T /«0 , with «T
the energy of the vortex inside the TB. From the inset of F
7 it can be seen that bothH sin(u1) and H sin(u2) follow a
(12t) temperature dependence. If we identifyu1 with the
lock-in anglewL , Eq. ~3! is satisfied as long aswT is con-
stant in temperature, which can happen if«T and«0 have the
same temperature dependence. Theaccommodationregime
is more problematic to identify. The decoratio
experiments21 at low fields show some evidence of pinnin
by the TB’s aboveu2, and we believe the Cu-O planes ma
be playing a role in the response of the vortices, so t
probably for angles greater thanu2 the vortices do not form
straight segments but other type of staircase pattern w
they are partly pinned to the Cu-O planes.

V. CONCLUSIONS

We have studied the response of the vortex lattice
different orientations of the probing force on the vortice
Our measurements show that close to the line of the ph
transition, the response depends strongly on this orienta
For Hdc close to thec axis the shielding is weaker when th
tilt on the vortices is parallel to the twin boundaries, and t
can be understood in terms of alock-in of the vortices to the
twins. In intermediate angles, the vortices are partly pinn
to the TB’s, and for higher angles the Cu-O planes proba
start to play a role. The angular range over which these
gimes are observed is strongly dependent on temperatu
these low values of the dc magnetic field.
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