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Interplay between pinning energy and vortex interaction in YBaCu3O,_ s with oriented twin
boundaries in tilted magnetic fields: Bitter decoration and tilt-modulus measurements
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We have performed Bitter decoration and ac susceptibility measurements in single-crysj@luy®a s
with oriented twin boundaries. The twin boundari&8'’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 &wes so that the plane defined by the
field direction and the 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 tb@xis 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.

[. INTRODUCTION mum when both the defect and the applied field are aligned,
and in this case, over a small angular range, inlto&-in
The vortex structures found in highs superconductors regime the vortices will follow the defect, and not the direc-
show a rich variety of forms, connected to the various thertion of the field. For larger angles, aecommodatiomegime
modynamic phases of the vortex phase diagram. The intefs €xpected, where the vortices are partially aligned with the
play between temperature, pinning energy, and the vortegefects, and _for Iargeizmligalignment of field a}n_d defectafree
lattice elastic constants is responsible for this comple/Ortex state is found*=**Our results, combining dynami-
behavior The anisotropy of the materials adds another di-c&l and structural evidence, show tieek-in regime clearly,
mension, since the vortex lattice is affected by the orientab'“'t, also indicate that in some parts of the sample between
tion of the field with respect to the crystal a¥esThere has TB’s, part of the vortices are aligned with the field. In the

been extensive research into this problem, both for its fynfransition from theaccommodatioo the free vortex regime,

damental and applied interest. Recently the interaction b there seems to be a marked difference in dynamical proper-

tween elastic manifolds and disordered pinning potential?les’ which is not abrupt in the static structure of the vortex

. . . . ttice.
and their dynamical properties has also become a subject 0 The interplay between the material anisotropy which
theoretical and experimental work®

{ _ _tends to align the vortices along chains in tilted fiéld§and
In this context, we present results of Bitter decorationshe pinning of the twin boundaries, which run at right angles
and susceptibility measurements performed on the samg the chains in our configuration, gives us the possibility of

sample, allowing a simultaneous measurement of vortex lalastimating the dominant energy of the problem at different
tice dynamics and structure in a high-material. We have angles of the field.

chosen YBaCu;0;_ 5 (YBCO) for our study. The main rea-

son is that in this compound there are twin boundaties
(TB’s) which form extended, planarly correlated pinning
centers for the vortices. A second reason is the fact that The YBCO crystal comes from a batch prepared using a
several previous decoration studies make this a wellflux-growth technique as described in Ref. 19, and was fully
characterized materi4r° oxygenated with & ; value of 92.5 K and a zero-field tran-

In our particular case, we study a sample with TB’s ori- sition width AT=0.6 K (taken from the width at half maxi-
ented in only one direction. When tilting an external mag-mum of the peak in the ac susceptibility measuremeDdib-
netic field with rotation axis in th@b planes and perpen- servation by polarized light showed a single orientation for
dicular to the twin boundary planes there is a systematithe twin boundaries. This was further confirmed by the deco-
change in the vortex-vortex interactighecause of the an- ration experiments which show no evidence of TB’s in other
isotropy and in the effect of pinning by twin boundaries. directions. The crystal has the shape of a slab with approxi-
Also, by orienting the ac field of the susceptibility measure-mate dimensions (% 2x0.03) mnf.
ments along theb planes and parallel to the twin bound-  Decorations by the Bitter technictfewere performed at
aries, a tilt force acts on the vortices parallel to the TB,4.2 K using a field cooling(FC) procedure for different
allowing the study of dynamical properties in this direction. angles of the applied magnetic field, keeping the modulus

The pinning by correlated defects is expected to be maxifixed at 52 Oe. The magnetic field was rotated using an ad-

Il. EXPERIMENTAL DETAILS
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ditional coil perpendicular to the first, in a direction such that
the plane defined by the field and tbexis is perpendicular

to the twin boundary planes. The sample was warmed up and
scanning electron microscogp8EM) images were obtained.
The resolution of the images was 330 pixgls?. A clean-

ing procedure with isopropyl alcohol under ultrasound agita-
tion was performed before each decoration experiment in
order to remove thoroughly the iron particles of previous
experiments. The sample was glued with silver paint to the
same sample holder throughout the experiments and care
was taken to keep the same relative orientation between the
rotation plane of magnetic field and the twin boundaries.

By analyzing the decorations over the whole area of the
sample, it can be seen, when the applied field is parallel to
the ¢ axis, that around 65% of the vortices are locked to the FIG. 1. Decoration with the field parallel to tleaxis in a twin-
twin boundaries, with TB-free regions scattered in irregularfree region of the sample. Inset: Fourier transform averaging over
bands in between. While a few twin-boundary-free bandsl2 similar images. The arrows indicate the orientation of ale

were as much as 100 vortex lattice parametgys /—‘Do TH crystallographic axes. All images are presented so that the twin
~0.62 um broad, most were narrower, typically boundary planes are shown in a vertical direction; notice that in this

(10-15%,. picture a compact vortex plane can be seen in the vertical direction.

Information about lattice dynamics was obtained by
means of ac susceptibility measurements on the samaigned in the direction of the twin boundaries.
sample. The ac fielth,. was applied in theab plane, per- This orientation was maintained over distances as large as
pendicular to the dc fieltH and parallel to the TB’s. In this 100 timesay, indicating that the influence of the TB’s ex-
configuration, the force on the vortices will tend to tilt them tends over at least this distance. One possible explanation is
parallel to the TB direction. These measurements were cathat the twin boundary acts as a nucleation center for the
ried out by means of mutual inductance technique and theortex crystal, which then grows with the observed orienta-
excitation and detection was made by means of a two-phad®n. The point disorder does not seem to be strong enough to
lock-in amplifier (PAR 5303. The proper phase of the decorrelate the vortex lattice over these distances. It is inter-
lock-in amplifier was set by measuring the sharp superconesting to remark that the data of Dolahal > show the same
ducting transition of an indium sample. All the susceptibility relative orientation between the twin boundaries and the vor-
measurements reported here have been taken in FC expetéx lattice. According to Campbetdit al? in an anisotropic
ments with the applied field oH=52 Oe at different superconductor with the field perpendicular to both anisot-
angles. ropy axes, no orientation of the vortex lattice distortion is
favored, so the coincidence must be due to the orientation
produced by the TB'’s in both samples.
IIl. RESULTS AND DISCUSSION The induction fieldB, obtained by averaging the number
A. Bitter decoration of vortices over 12 images of 1300 vortices each, is 45.5
Oe with a dispersion of 0.5 Oe, which means that there is a

The magnetic decorations were performed on &® . expulsion of 6.5 Oe, corresponding to the average mag-
plane and in all the images of the present paper, the tWiRqtization of the sampi&

boundaries of the crystal are oriented vertically, doordi- In Fig. 2 we show a typical image obtained from the same
nate, and the projection of the tilted field is in the horizontal
(x coordinatg direction.

1. Field in the c-axis direction

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

The image shows a very ordered lattice, with a systematic
deformation due to the anisotropy of the penetration length
between thea and b axis?! This is evident in the Fourier
transform(FT) of the inset in Fig. 1 which shows the average
over 12 different areas of the sample in reciprocal space. It is
clear that a particular orientation dominates sufficiently that
an hexagonal elliptical pattern is obtained even after averag-
ing. An ellipse was fitted to the transform. The best fit gives
an eccentricity of 1.2 and a major axis oriented 49° away F|G. 2. Decoration with field parallel to theaxis in a twinned
from the twin direction. These values agree with those reregion of the sample. The twin boundaries are clearly evident as
ported by Dolaret al?! The orientation of the vortex lattice vertical columns where the vortex density is increased. Inset: Fou-
in all TB-free regions has always a compact vortex planeier transform over 12 similar areas of the sample.
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decoration experiment but in a twinned region of the sample.
Each TB acts as a potential well in the form of a channel
pinning vorticegvisible as vortex “columns” in the vertical
direction in the figurg The lattice parameter along each
channel is different and characteristic of a given TB so that
the hexagonal symmetry is lost. Also, since ¥heoordinate

of the TB’s is random the structure is disordered in she
direction so there is no long-range order either alongytbe

x directions, but there remains a strong orientational order
alongy. To complement the information of the direct image
we use the FT in the inset of the same figure corresponding
to a set of 12 images similar to the one shown. The central
horizontal lines of the pattern correspond to the family of
vortex planes pinned by the TB’s. The extension of these
lines is a measure of the dispersion in the distance between
vortex columns. The bands in the top and bottom represent FIG. 3. Image in a twinned region of the sample with the field
the decorrelation between the vortices in the different vortesilted 8° from thec axis. There is a small twin-free region between
columns. As a test of these ideas we performed simulation_@e arrows; notice the. piling up of vortices at the rlght_ and stret(_:h-
starting with ordered lattices and introducing successive dis'd @t the left boundaries of this area. Inset: FT of a twin-free region
order, first in the correlation between columns, then in the®f the sample for the same field tiirect image is not shown
column lattice parameter, and last in the column position - . . .
along thex axis. We studied the resultant FT, finding that it "€W but much shallower minimum, implying an imperfect

evolves with the successive decorrelations towards the sangeiodicity of the interaction potential in the column’s direc-
type of image seen in the FT of the decorations. tion.

Averaging over ten pictures of 1300 vortices each, we the TB's. it b ible 1o treat tw iahbori ‘
find an induction field of 45 Oe with a dispersion of 1 Oe. i € S It mayt_ e poss:j_ eto _real WO neig orlngt VO: e>;_
It is remarkable thaB has the same average value in both the €S as INteracting one-dimensiona '”Comme”S‘irf;‘ e elastic

anifolds, such as in the Frenkel-Kontorova madef> The

twinned and the TB-free region. Inspection of the vortices af” ! ; . :
odel has solutions with compression and expansion re-

the frontier shows that the deformations of the vortex lattice " dered in th implest cagdsand disordered
near a TB propagate one or two lattice parameters into th@'ons, or Sere In the Simplest casesan ISordered
therwise?> We have observed compression and expansion

TB-free region so that the total magnetic flux is restored ovePs )
this distance. For the tilted magnetic fields reported in th egions along the vortex columns,.wnh no long-range ordgr.
following sections the average number of vortices also re- .h'S.COL”d be an effect of the reS|du§I disorder on the twin
mains the same in zones of the sample showing effectiv8NNY potentl'al, SO & comparison W.'th the models is diffi-
vortex pinning by TB's or regions with no pinning by twin cult, although it could be_an interesting problem fqr future
boundaries. study. For other systems in the I|teraﬁﬂbu_ckl|ng of linear

The pinning energy dominates over the interaction energ ortex structures has been reported, and In fact we have s'een
here, as can be inferred from the fact that the hexagon uckling in some of the \zortex' cqumn; pinned to Fhe B's
lattice is completely lost. Because neighboring TB planeén th_e d_ecoratlons aﬂ:_o : Th's comphqates the situation
have different vortex densities, in general tivertica) col- and indicates that the _d|rect|on perpendicular to the columns
umns of vortices seen in the decorations have incommens&@"not be completely ignored.
rate lattice parameters. However, there still remains a repul-
sion between vortex lines seen over short distances where
vortices in one column align with gaps in a neighboring one. Figure 3 shows a decoration with the applied field tilted
Because of the incommensurability, however, this does nd° from the ¢ axis, in a partially twinned region of the
persist over long distances. sample. This type of pattern is not exceptional but is ob-

Using the expressions of the repulsive interaction betweeserved in several places.
vortices of the London theory the interaction elastic energy An almost hexagonal lattice is seen in a region between
stored in the vortex lattice can be calculated from the coorthe TB’s, extending around 18 lattice parameters, from the
dinates of the vortex images. In the twinned regions we obleft arrow to the right one in Fig. 3. There are two important
tain an average energy 25% higher and with more dispersiodifferences with respect to equivalent decorations with the
over different parts of the sample than in TB-free zones. Thdield in thec axis. The first is that the lattice is deformed: the
balance of the internal energy is supplied by the pinningvortices pile up near the TB plane at the right hand side, and
potential. are stretched close to the TB plane to the left of the image.

We evaluated the elastic energy that results when displac- This can be seen in Fig. 4 which shows the average den-
ing the coordinates of the positions of a column of vorticessity of vortices as a function of the distance along the
along they axis, leaving the coordinates of neighboring vor- direction between the arrows in the previous figure. This
tices unchanged. We find that the original position minimizesprofile can be understood if we consider that vortices are
the elastic energy. Displacements smaller than the mean volecked inside the TB’s and follow the applied field between
tex distance along the column raise the energy, and when thEB’s. The field is tilted towards the right side of the figure,
displacement is close to the mean vortex distance there iswahich would provide the deformation observed. The sample
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Because the vortices are relatively rigid rods aligned by

2. Field tilted 8° from the c axis
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lattice is rotated. The new orientation is such that a compact

vortex line is along the direction. The corresponding Fou-

rier transform is shown in the inset of Fig. 3, and the two

spots aligned vertically indicate a compact horizontal plane,
in contrast to the spots aligned horizontally seen in the inset
of Fig. 1. The ellipse parameters are now 1.16 for the eccen-

o 7 tricity and 52° for the angle of the major axis.

The fact that the field is tilted in this case introduces a

{ __ ) further complication. Campbelet al? calculate that for a

' tilted field in an anisotropic superconductor, there is both a

) vortex lattice distortion and a preferred lattice orientation,

(1 with a compact plane perpendicular to the rotation &ixeés,

\ it should be horizontal in our imagesThe distortion calcu-

— lated from their theory in YBCO at 8° is less than 1%, much
less than the almost 20% distortion from thlk anisotropy.
Unfortunately the theory only treats anisotropy in two axes,

FIG. 4. Number of vortices as a function of the displacement2nd does not include the effects of the vortex ch%ﬁnm the
along x for the region between the arrows in the previous figure.dégree of orientation due to the filt at 8° remains an open

Inset: schematic side view of the displacement of vortices in a twinguestion.

free region between two twin boundaries, when there is vortex lock- ] ) )
ing at the twin boundaries. 3. Field tilted 65° from the ¢ axis
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In Fig. 5 we show an image of the pattern obtained in a
is 30 um thick, so that a region of~30sin(8°) um  decoration with the applied field tilted 65° away from the
=4 um will be deformed as sketched in the inset of Fig. 4axis, in a TB-free region of the sample. We have also per-
in agreement with the width of the deformed regions. formed decorations with the field tilted 40° from theaxis

The second important difference is the disorder of theand find qualitatively very similar results to those described
lattice in the TB-free regions. Although the hexagonal sym-below for 65°. In particular, we find that the deformation
metry is preserved, there is more disorder than with the fieldpiling up and stretchingof the vortex lattice images seen at
parallel to thec axis. If the ordered lattice is produced by 8° tilt at the frontier of the TB-free and twinned regions
nucleation and growth from the twin boundary plane, thedisappears at higher tilt.
disorder observed in the tilted field can be explained by tak- As was seen previously in BSCC®ef. 17 and YBCO
ing into account the fact that there is an additional deforma{Ref. 18 the vortices arrange in chains along the direction of
tion at the twin boundary. The deformation, which arisesthe rotated field. Solution of the anisotropic London
from the piling up(or stretching of the vortices, propagates equationd’ in the limit H—H,, reveals an attractive vortex-
into the nucleating crystal. We also observe that in the largevortex interaction with potential wells in the direction along
twin-free regions of the sample, the hexagonal lattice is moréhe chains. The vortices in fields just abaodg,; will sit in
ordered, but now it is no longer a single crystal and we havéhese wells forming the chains. The spacing between the
found some grain boundaries. In at least one region morehains is set by the requirement that the average vortex den-
than 5@, away from a TB, we found that the hexagonal sity be correct.

The inset of the same figure shows the FT averaged over
12 TB-free areas. We can see six peaks indicating an hex-
agonal symmetry althougfin contrast with the experiment
with the field in thec axis) we can observe the presence of
vertical bands and the peaks in the bands are less intense
than the central ones, indicating a developing decorrelation
between the chains. In agreement with Gameetedl 1 we
find that in this range of fields and angles the intrachain
distance is almost field independent (0. herg and that
the interchain distance (1.3mm) accommodates to con-
serve the magnetic flux. Therefore increasing angles implies
similar intrachain distances but increasing interchain dis-
tance, which means less interaction among the chains and
favors decorrelation. However, a weak interaction between
chains remains, as can be inferred from the hexagonal sym-

FIG. 5. Image in a twin-free region of the sample with the field Metry observed. It is energetically favorable to place a vortex
tilted 65° from thec axis. The vortex chains can be clearly seen,in one chain facing a gap in the neighboring chain due to
running in a horizontal direction. As a consequence of a small misvortex-vortex repulsion, ordering the chains in the hexagonal
alignment of the field they are not exactly perpendicular to thepattern evident in the FT. Because of the weakness of the
(vertica) twin boundary direction. Inset: FT averaging over 12 interaction, there is a considerable disorder, possibly due to
similar images. Notice the hexagonal symmetry with bands indicapoint pinning, producing the bands seen in the FT. The ex-
tive of disorder. istence of relatively narrow peaks indicates that the distance
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FIG. 6. Image in a twinned region of the sample with the field FIG. 7. Image in a twin-free region of the sample with the field
tilted 65° from thec axis. The vortex chains can still be seen in the at 75° from thec axis. Inset: FT averaging over 12 similar images
horizontal direction but they are deformed by the twin boundariesshowing decorrelated narrow bands, which indicate a well-defined
whose vertical orientation is also evident. Inset: FT averaging oveinterchain and intrachain spacing, but decorrelation between the
12 similar images. Notice the bands and the tendency to squarhains.
symmetry.

We can clearly see the chains and in agreement with the
between the chains and the intrachain lattice parameter ambservations of Gammaedt al!® the intrachain distance is
not affected too much by the point disorder. similar (1.06 um here, compared to 0.9Z4m at 65°) and

In the twinned region the images are qualitatively differ- the distance between chains is different g@n compared to
ent as shown in Fig. 6. The characteristic alignment of thel.35 um at 65°).
vortices in the TB’s is seen alongin “columns” but in The interaction between the chains is reduced because
addition vortex chains are visible, running almost parallel tothey are further apart producing important changes in the
the x axis. Comparing this pattern with the images of Fig. 20rdering of the lattice. Looking at the FT in the inset of Fig.
we can see that the relative density of vortices in the twin/ W& can appreciate the vertical bands indicating almost
boundaries is higher in Fig. 2. Therefore the effectiveness ofPMplete decorrelation between the chains. It therefore
the TB's to pin the vortices is diminishing. In fact, in Fig. 6 S€ems that the dominant energy scale at this angle is the
we can observe that there are some columns that have §hain potential” with a comparable but possibly smaller
“lattice parameter” shorter than the interchain distance butcontribution due to the “pinning potential” and an almost
there are others that only correlate the vortices along th8€dligible interaction between neighboring chains. ,
y-axis direction, while the interchain distance remains the Figure 8 is a typical image of the same decoration experi-
same. This can be confirmed by analyzing the FT in the insél'€Nt but in a twinned area of the sample. The tendency seen
of the same figure. There are sharp peaks which define tH¥€Viously is confirmed and the effectiveness of the twin
reciprocal vector perpendicular to the family of p|6mesboundar_|es _continues to decrease with increasing angle.
formed by the chains and the horizontally stretched peak§"™m this picture we can see that most of the twin bound-
correspond to the family of planes defined by the twin
boundaries. The stretched characteristic is due to the fact that
there is no periodicity of thex coordinate of the TB’s and
therefore there is a dispersion in the reciprocal vector corre-
sponding to these planes. Here, we see a competition be-
tween two potentials tending to align the vortices in mutually
perpendicular directions. The interactions forming the chains
favors a constant lattice parameter alogid '8 but the pres-
ence of the channel-shaped potentials of the TB’s that have
randomx coordinates changes these coordinates in order to
gain pinning energy. By means of these two perpendicular
potentials and despite the nonperiodicity introduced by the
TB’s the symmetry of the lattice is changing from hexagonal
to rectangular. This implies that both potentials are important P
in determining the structure and there is no dominant energy 44
in this case.

FIG. 8. Image in a twinned region of the sample with the field at
4. Field tilted 75° from the ¢ axis 75° fro_m thec axi_s. The pinning effgct of the twin boundaries_ is
visible in the vertical line marked with arrows. Inset: FT showing
In Fig. 7 we show a typical image of the vortex structurean almost square lattice, produced by the vertical correlation at a
in a TB-free zone of the sample corresponding to a fieldfew points and the horizontal correlation produced by the chain
tilted 75° away from thes axis. potential.
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aries(marked with arrowsare only effective in correlating tious to make conclusions, but there is a rough correspon-
the vortices along thg-axis direction but they are not ca- dence between the scaling regidand the lock-in region.
pable of enhancing the vortex density along them. Other decoration experiments on YBGRef. 7) find that
Few columns with increased vortex density are seen, anthe effectiveness of the pinning by the TB'’s disappears for
in some cases the vortices are displaced a little inxtie ~ angles greater thar45° in contrast to what we see above.
rection. The thick arrow marks a TB in Fig. 8 in which we We do not know the reason for the discrepancy, but it could
can appreciate that the vortices are not aligned with the TE€ due either to a difference in the quality of the different
but are forming kinks in the vortex column pinned to the samples,or_ to the fact that the crystals of Grigorieval.
twin boundary. In this way they gain some pinning energyhave TB’s in pgrpendlcul_ar dlrect_lon_s Wh|(_:h may decrease
from the TB and some interaction energy by aligning with the overall pinning effectiveness in tilted fields. The effec-

the chain despite of repulsion energy they lose by beindVeness of the pinning at high angles is also surprising if one
close together in pairs. The existence of kinks where th onsiders some theoretical estimatem this last reference,
chains intersect the TB’s argues for a rough equivalence béhe pinning potgntlal was estlmateq from decqranons at4.2
tween chain and TB pinning potentials. K and the elastic energy of the lattice was estimated at that
temperature. However, the lattice is frozen in well above the

The remaining influence of some of the TB’s produces a i ; .
correlation along thg axis. In fact a tendency to place vor- decoration temperature, and this was not taken into account

tices in neighboring chains in front of each other is observed" the theory, so that there is a need for better estimates.
and this produces the rectangular correlation seen in the FT

of Fig. 8. The interaction between chains is not so important B. Susceptibility

since they are farther apart. Therefore, the chains can opti- In this section we show the results of ac susceptibility

mize their pinning energy by having a vortex inside one of ) i
- - . : ) measurements we performed in the same sample in order to
the few remaining strong pinning twin boundaries disregard-

ing interchain repulsion. In the limit where only a single TB correlate statiemagnetic decoratiopsand dynamidac sus-
isgeffective and (F))ne vor.tex in each chain becgmes gi]nned tceptibility) properties of the vortex lattice. We measured the
) o o P fansverse ac susceptibilify, in the linear regime. The real
it, _perfect correlation in thg direction would result. Corre- componenty’ is related to the shielding capability of the
lation would also propagate along because the spacing P XL 9 cap y

along the chains is set by the constant chain potential. HowU'TeNts whilex' , the imaginary part, is related to the dis-
ever, when several TB's are present at random intervals angiPation. In the inset of Fig. 10, below, we show the configu-
with possible random point pinning the imperfect lattice ob-"ation of the magnetic fields applied: the dc magnetic field
served is obtained instead. H=52 Oe is tilted in a plane perpendicular to the oriented

In the inset of Fig. 8 we show the FT corresponding to 12twin boundaries and a small ac fiefig. is applied in theab
different pictures taken in twinned regions from the last ex-Planes parallel to the TB's. In this way the ac currents in-
periment. The characteristics described above are confirme§!ced in the sample are forced to flow in two directions, on
in the Fourier transform: this corresponds to an almost rectth@@b planes and across them. The Lorentz forces generated
angular vortex structure. The slight horizontal stretching ooy the shielding currents exert a tilting stress on the vortex
the peaks is due to the nonperiodic position of the TB’s bufattice in a plane parallel to the twin boundaries.

it is important to remark that this feature is much less pro- he ac susceptibility data were taken with a frequehcy
nounced than for smaller tilt if. =2318 Hz and with the ac field amplltud&CZ 90 mOe.

In FC decoration experimentS, a|though they are perwe checked that the response was within the linear regime
formed close to 4.2 K, the lattice observed has solidified at #ver the whole range of dc fields and temperatures reported.
higher temperature as also observed in Refs. 18, 28, and 29/€ also conflrmleg thaf[ all our measurements are consistent
This is inferred from the fact that in all our magnetic deco-With a Campbeft*regime. In fact, from frequency depen-
rations the average vortex density at the crystal surface, meflénce measurements, analysisxdf vs x' curves, and ac
sured from the decoration pattern, was close to the typicapenetration length studies we conclude that in our experi-
equilibrium magnetizaticif seen at higher temperatures. ment the tilting stress is small enough to only move the
This indicates a freezing of the vortices, due to the slowvortices in the bottom of their pinning potential wells. More
vortex creep below the vortex liquid-solid transition. For thedetails of this analysis will be reported in a future publica-
same reason, it is meaningful to compare the ac susceptibilon.
ity measurements at the shielding on¥&twith the decora- In Fig. 9 we show the results of the real part of the ac
tions. susceptibility,y| (upper panel and imaginary park| as a

Thus, we infer that our decorations at 4.2 K have infor-function of temperature for four selected angles.
mation about the phases formed at the transition from the From these curves we have determined the temperature
liquid to the solid state. For values 6f-0 and 8° the solid T* at which a fixed value of the screenind =—0.45 is
shows only orientational order and there is evidence for aeached, as a function of the angle of the magnetic field.
lock-in phase. Grigerat al > have shown by a scaling analy- Figure 10 shows the angular variationf. As the vortices
sis that for small tilts the transition is to a Bose glass, whileare oriented in a different direction with respect to the crystal
for larger angles no scaling can be shown and there appeaases it is expected that the response will evolve following
to be a change in the order of the transition. For intermediatéhe characteristic anisotropy curve, as found, e.g., in Ref. 14,
angles 6=40° and §=65° our decorations show that the However, the observef* does not follow the behavior typi-
lock-in phase has been lost. Because the experiments @&l of the crystal anisotropy, which should have a shallow
Grigeraet al®° are at much higher fields, we must be cau-minimum around the axis, and we attribute this behavior to
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' ' ' ' interpreted in this way, although the angles over which en-
0001 — oo f’"‘i hancement is observed are smaller. However, susceptibility
= 655 dgeg &4 ] measurements at higher fields in our samples, show that this
0251 | o 0-845deg | angle decreases with field.
—*—0=90deg : We observe a maximum il* is detected irg=12° and
- 050 /‘ | for angles greater than this value a decrease in the screening
] | capability of the system as is usual_ !n the angular depen-
7S s | dence cor_respondlng to susceptlblllty measurements of
o samples with correlated defectsThis decrease of the effec-
) tiveness of the pinning with angle is usually interpreted as
-LOOF , , , ] due to a loss of pinning efficiency in theccommodation
0.1 o ] regimé-12-6 since the vortices are partially pinned to the
. m&a }& qorrelated defects in a staircase pattern and .the pinned frac-
00 e esassssayaesomesetssss imp. ot tion degreases vylth angle. Although decorations only show
86 88 ' ) 94 the vortices coming out of the uppab plane of the crystal,

%0
T(K) they are consistent with a staircase pattern whe0° and
#=65°. There is no deformation of the vortex lattice in the
frontiers between the TB and TB-free regions, indicating that
the lock-in effect is lost in this angular range. We continue
8etecting “free” and pinned vortices in the images with

smaller vortex density enhancement in the TB'’s, indicating

the effect of pinning by the TB's. With=0 (H||c) there is that the pinning at the TB’s has reached a small value.

a dip in the curve showing that the temperature must be L0OKiNg at images taken at angles greater and smaller
lower to reach a given screening, indicating a “softer” lat- than 70°, the change in structure in the decorations is rela-

tice. As the field is tilted, the lattice seems to increase itdIV€ly subtle. However, the dynamics of the FLL suffers an
stiffness until aroundy=12° where agairT* decreases for 2Prupt change af~70°. We can understand this contrast if
increasing angles. A minimum ifi* is observed again for W€ Imagine a change in the FLL that modifies the dynamics

9=70° and then there is an abrupt increase. The increase and consequently the results of ac susceptibility but does not

again much higher than expected from the anisotropy of thg€atly affect the pattern of a decoration in the surface

material, and could be due to pinning in by the Cu-O p|<,:mes§a\mple. One possibility is that the free segments of the stair-

These features of the susceptibility can be related to th&as€ vortice; lock in tme Cu—’O planes. In this siltuall(tion,. Witr?
features observed in decoration experiments. DecoratiorgedMents pinned to the TB's and segments locked in the

have been performed at the angles indicated by arrows i u-O planes, the restriction for the vortices to tilt is more
Fig. 10 Important than in the previous arrangement. This change se-

At §=0 the lattice outside the zone with TB'’s is ordered riously affects the dynamics but probably is undetectable for

and seems to be weaker with respect to the shear strain pri€ decoration experiment.
duced byh,. than at6=8°. This can be understood if we
recall that near twin boundaries, we observe a deformation
which effectively couples the vortices between the TB’s to
those inside. This enhances the shear modulus of the struc- The changes in the pinning of the twin boundaries as the
ture, increasing the shielding capability. field is rotated have been investigated by means of Bitter
Transport measurements by Kwek al3® in tilted fields magnetic decoration and ac susceptibility. We have found
and similar force configuration on the vortices have beerevidence that for small tilts away from tleeaxis, the vortices
inside the TB’s remain locked to theaxis direction, while

FIG. 9. Real part of the susceptibility| (upper panel and
imaginary party| (lower panel as a function of temperature for
different values of the angle between the dc magnetic field and th
¢ axis of the crystal.

IV. CONCLUSIONS

o0 4l ] those outside the TB follow the direction of the magnetic

field. This induces a deformation of the FLL that enhances

92.2} . the shear constant of the lattice. It is confirmed by an abrupt

increase in the screening capability in the ac susceptibility

< 92.0r 1 for angles up to 12°. For angles greater than 12° we find our

: ar.al ] results_ consisf[ent with an image_in which the vortices ar-
' range in a staircase pattern. In this range we lose the defor-

91.6t j mations in the frontiers between twinned and twin-free areas
and we see the usual decrease of the screening with angle

91.4r . . R due to the weakening of the correlated pinning potential. In

this range (12°—-70°) there is a competition between the TB

pinning potential and the chain potential which are perpen-

dicular to each other. The deformations of the flux line lattice
FIG. 10. Temperature where the shielding reaches 45% of totdproduced by the TB and the chain potential can change the

screening, as a function of angle. Inset: configuration of the ac angymmetry from hexagonal to almost square.é 70° we

dc fields, with respect to the twin boundaries and axes of theletect through the ac susceptibility an abrupt increase in the

sample. screening capability which we interpret as a lock-in of the

90 45 0 45 90
0 (degrees)
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free segments of the staircase vortices into the Cu-O planeand in this way a fine-tuning of these energies scales is pos-
This change is not detected in the magnetic decoration.  sible. Moreover, we have showed that the combination of
In addition to the previous results we found that the twintwo very different experimental techniques can be a powerful
boundaries probably act as a centers of nucleation during thgay of comparing the dynamics and static characteristics of
growth of the vortex lattice. In the-axis decoration we the vortex structure.
found a preferred orientation of the lattice in the twin-free
region which is the one that has a compact plane parallel to
the twin boundary. For the decoration of 8° away from ¢he
axis the deformation in the boundary between twinned and
twin-free zones propagates into the twin-free region at least We thank F. de la Cruz for fruitful discussions and H.
50a, away from the TB that acts as a seed. Pastoriza for a critical reading of the manuscript. This work
We have demonstrated that the study of the structures thatas partially supported by the Consejo Nacional de Investi-
result from the tilting of the field in a geometry as describedgaciones Cierficas y Tenicas(CONICET-Grant No. PIP
above is an excellent way to understand the interplay an86/4207% and the Agencia Nacional de PromatiGientfica
competition of two correlated potentials at right angles fromy Tecnolmica(Grant No. 03-00061-01120J.A.H. acknowl-
each other. Tilting the field we can modify the relative im- edges support by CONICET. G.N. belongs to CONICET's
portance of the energy of interaction and the pinning energyegular staff.
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