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Interaction of vortices with oriented twin boundaries in single-crystal YBa,Cu30,_ 5
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We have studied the response of the vortex lattie) in a YBaCu;O,_ s 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 magnetid field
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 &fy. 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.

[. INTRODUCTION this crystal by measuring the response to an ac magnetic field
oriented in different directions with respect to the TB’s. In

The interaction between correlated defects and vortices iaddition we can rotate the external dc magnetic field so that
high-T, superconductors is important both in determining thewe cover the whole angular range, from the direction parallel
order of the phase transitions of the vortex structure and tht® the ¢ axis to the direction of the-b planes. A second
resultant pinning in the soliti-® For this reason, it is impor- sample which has been detwinned under uniaxial compres-
tant to characterize the behavior of the vortices in the pression has also been measured. In this way, we probe the effect
ence of correlated disorder. of the material anisotropy in the twinned sample with the

YBa,Cu;0;_ 5 (YBCO) usually presents twin boundarfes different vortex-TB orientations, as compared to that of the
(TB’s) that introduce dramatic changes in the pinning of thedetwinned sample first-order phase transition.
vortex lattice®® The twin boundaries form planarly corre-

lated defects parallel to the axis with highly anisotropic Il EXPERIMENTAL DETAILS
pinning properties. They form an angle of approximately 45°
with respect to both tha and theb axes. We have measured a single crystal of ¥Ba;O;_ 5 with

The pinning by correlated defects, such as TB's, is ex-oriented twin boundaries, identified as sample TW. We also

pected to be maximum when both the defect and the appliestudy a detwinned single crystal of the same material re-
field are almost aligned. Over a small angular range, in thdéerred to as sample DTW. The YBCO crystals come from a
lock-in regime the vortices will follow the defect, and not the batch prepared using a flux-growth technique as described in
direction of the field. For larger angles, accommodation Ref. 17.
regime is expected, where the vortices are partially aligned Sample TW was fully oxygenated withTa value of 92.6
with the defects, and for larger misalignment of field andK and a zero-field transition widtAT=0.6 K (taken from
defect a free vortex state is fouh@°~*® Nelson and the width at half maximum of the peak in the dissipative
Vinokur*'* have proposed that in the presence of correlatedomponent of the susceptibility measureme8ample DTW
defects the vortex lattice presents a Bose glass transitiowas detwinned applying uniaxial stress following a proce-
when the dc field is applied parallel to them. The correlatediure similar to that described in Ref. 18 and was fully oxi-
defects stabilize a new low-temperature glassy phase igenated after that procedure. Under polarized light the
which the vortices are localized inside the defects. Althouglsample showed no evidence of TB’s and had a valug& .of
the theory has been developed for columnar defects, the 91.7 K with a sharp zero-field transitiahT=0.5 K.
Bose glass phase has also been found experimentally in In order to confirm that sample TW had twin boundaries
twinned YBCO? Single crystals with no twin boundaries, on in only one direction we used the magnetic Bitter decoration
the other hand, show a first-order phase transition into a vortechnique'®~?! The decoration was made at 4.2 K using a
tex crystaft>1 field-cooling (FC) procedure with an applied field of 52 Oe

Normally YBCO single crystals grow with TB’s oriented perpendicular to the Cu-O planes. The images were obtained
at right angles to each other and this complicates the meavith a scanning electron microscog8EM) at room tem-
surements of their directional properties and the way theyerature. More detailed information is available in Ref. 21.
affect the dynamics of the vortices. However, some crystal8y analyzing images over the whole area of the sample we
grow with twin boundaries in a single direction, and we havehave found that around 65% of the vortices are locked to the
selected one with such characteristics for the present workparallel twin boundaries with TB free regions scattered in

We study the anisotropic behavior of the vortex lattice inirregular bands in between and no evidence of TB's in a
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FIG. 1. (a) Configuration of ac field and induced currents with o )
respect to the crystal axes and twin boundafiesPlane of rotation FIG. 2. Real component of the susceptibility as a function of
of the dc magnetic fieldH) and orientation oh, with respect to ~ témperature for the detwinned sample and the three configurations
the twin boundaries in the three configurations used. of h,c in sample TW. Line: Twin-In configuration, open squares:

Twin-45, full traingles: Twin-Out, open diamonds: sample DTW.

different directior®® This confirms the observations made "€t Campbell penetration depth for the Twin-Out configuration.
In all cases the dc field is in theaxis direction and has a value of

with polarized light, but the decorations have both a higher.
. o . 1390 Oe.

resolution, and refer specifically to the effectiveness of the

TB’s for pinning the vortices. It is important to remark that .

the proportion of pinned vortices was observed for an apPlane ofHg. has a normal vector 45° from the normal vector

plied dc field ofH =52 Oe and it may be different for higher ©f the TB planes. In this geometry, as in the Twin-In con-

fields. However, the experiment is, as far as we know, uniquggurano_n, the vortices are_forced_ to arrange in a staircase

in giving a quantitative description of the effectiveness of thePattern in the accommodation regime. The force on the vor-

twin boundaries as pinning centers. tices has components parallel and perpendicular to the TB’s.

The results reported in this paper are obtained measuring 1N€ susceptibility measurements were carried out by
the transverse ac susceptibiliy in the linear regime. A Mmeans of a mutual inductance technique and the excitation

small ac field is applied in the direction of theb planes. In ~and detection was made using a two-phase lock-in amplifier
this geometry, in contrast to the more usual one in which thdPAR 5302. The proper phase of the lock-in amplifier was
ac field is parallel to the axis, the ac currents induced in the S€t by measuring the sharp transition of a niobium sample.
sample are forced to flow in two directions: within theb All the_susceptlblllty measurements rgported here ha}ve _been
planes and parallel to the axis. Analysis of the Lorentz taken in _f|eld cooling experiments Wlth the magnetic field
forces indicates that they exert a tilting stress on the vortek!dc @pplied at angled from the ¢ axis and the plane of
lattice (VL) as is shown in Fig. (8). In this sketch we can rotation ofHq. perpendicular td,.

see that a vortex is subject to a tilting force which tends to
move the vortex in a plane perpendicular to H® planes
and in the direction oh,.. From this analysis we see that
choosing the direction of the ac field with respect to the In Fig. 2 we show the real component of the susceptibility
sample we can get information on the response of the VL tg/’ as a function of temperature, for the three configurations
a tilting stress in specific orientations. of h,.. The dc fieldH4.=1390 Oe is parallel to the axis

In of Fig. 1(b) we show the three configurations bf.  in these measurements. The curves have been normalized by
that we used in the measurements of the twinned sample. lime value at low temperatures of the zero-field transition,
the configuration Twin-Outh,. is normal to the planes of where the shielding fraction is ong (= —1). These curves
the TB's so the tilting stress would move the vortices out ofwere obtained using a excitation field lof.=90 mOe and
the TB. The dc magnetic fieltHy. is applied at different frequencyf=2318 Hz.
angles from the direction and the axis of rotation is always ~ When the sample is cooled from aboVg, a sharp in-
parallel to theh,, direction so in this case the plane of rota- crease of the screening capability is observed at a tempera-
tion of Hy. coincides with the TB planes and the vortices areture we will identify asT;. This feature is frequency inde-
always parallel to the TB's. pendent.

In the configuration Twin-Inh,. is parallel to the TB Lowering the temperature further, the absolute value of
planes so the stress produced would tilt the vortices in planethe screening increases smoothly and there is a plateau fol-
parallel to the TB’s. The plane of rotation Bffy. is orthogo-  lowed by a drop, reaching the total flux expulsion at a tem-
nal with the planes defined by the TB’s and this means thatperatureT=40 K. This part is frequency dependent. In con-
in contrast to the previous configuration, this geometrytrast to other experiments report&d,where shielding
forces the vortices to adopt a staircase pattern for some vaturrents run only within the Cu-O planes, the shielding frac-
ues of 9.1%19-13 The last configuration is refired to as tion only reaches its full value at rather low temperatures. At
Twin-45 andh, is oriented so that the vortices are forced tothe plateau the shielding fraction is maximum for the Twin-
tilt at 45 degrees from the planes of the TB’s. The rotationOut configuration, when the force on the VL is perpendicular

Ill. RESULTS
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FIG. 3. Out-of-phase component of the ac susceptibilitycor-
responding to the Twin-In(open circley and Twin-Out (full FIG. 4. H-T phase diagram. Open triangles: Twin-Out configu-
squarey configurations, the dc field is in theaxis direction and ration, filled squares: Twin-45, filled circles: Twin-In, open dia-
has a value of 1390 Oe. monds: sample DTW. Insek’ vs T curves for the Twin-45 con-

- . . . . figuration ofh,, for different values oH ..
to the TB’s and minimum in the Twin-In configuration,

when it is parallel to the TB'’s. The step jp atT; for the  of h,.<0.1 Oe, the curves superpose, while for higher ex-

Twin-In configuration is also somewhat less abrupt than ircitation some amplitude dependence is seen. This depen-

the other two cases. The abrupt change in shielding;at dence is much more marked in the region of the plateau and

could be interpreted as a transition from a vortex liquid to aat lower temperatures, while the stepTatis constant, within

solid, and the structure seen ji below T; should be as- the experimental resolution, for all values fof. .

cribed to changes in pinning of the solid vortex lattice. To determine théd-T phase diagram we have measured
In Fig. 3 we can observe the out-of-phase component ofhe susceptibility with the dc field oriented along thexis

the ac susceptibilityy” corresponding to the Twin-In and for different values of the modulus of the dc magnetic field.

Twin-Out configurations, using the same normalization ofThe data are presented in Fig. 4. The inset showsthes T

x'. These curves represent the dissipation of the screeningirves for the Twin-45 configuration. The poifif in the

currents induced by the probing ac fiétBoth curves show H.T diagram was defined by taking the temperature where

a narrow peak at temperatufe and a broad maximum that the value ofy’ = —0.12. This coincides with the temperature

corresponds to the low-temperature structurg 'ofAlthough  of the peak in the value of the imaginary componght

the features have similar characteristics in the two configu- |t was found that the configuration of,. (i.e., the direc-

rations there are important differences between them. In faction of the applied forceinfluences the position of; in the

the peak aﬂ—] Of the TWin'OUt data iS narrower and h|gher H-T diagram_ For a given value (b-fdc the temperaturé'j is

than the peak of the Twin-In configuration. This is related toseen to be shifted towards lower temperatures when the force

the fact that the jump iry" of the Twin-In configuration is  on the vortices is parallel to the twins, but when the force is

smaller and broader to that corresponding to the Twin-Out 45 degrees or perpendicular to the twins, both lines coin-

geometry. cide within experimental error. This shift in; will be dis-

Another important difference is the broad low- cussed further on, when analyzing the angular variation of
temperature maximum in each curve. The Twin-Out maxi-T. .

mum is lower than tha_t seen in the Twin-In curve and we Sample DTW shows &; which is lower than for alh,,
will show below that this is related with the degree of free—conﬁguraﬂons of sample TW. In this case the abrupt change
dom in the solid state for the movement of the vortices inj, x' (the inset of Fig. 4 is not due to the existence of TB's
response to the different tilting forces induced by the excitapyt to the formation of a vortex crystal through a first order
tion field h,. in the different geometries. phase transition. Magnetizatidn?® transporf’ flux

As a general characteristic of the dissipation data we havgansformer® specific heat® etc., show always jumps and
to remark that our values are very low in comparison Withsharp transition in detwinned samples and we understand
dissipation values of the Bean critical state or diffusive ré-thatC,, has to show the same behavior. In tHeT diagram
gimes in the usual geometry bf,. parallel to thec axis**  (see Fig. #the lines belonging to the twinned samples in all
In fact, our maximum value of dissipatiogy,., is always the configurations are always above the “melting line” of
lower than 0.04, while in the critical-state regimg,., the detwinned sample. This fact is in agreement with the
=0.235 and in the diffusive regimg/,,,=0.44% We inter-  Bose glass theofythat predicts a higher liquid-solid transi-
pret this low dissipation as additional evidence that we ardion temperature when the sample has correlated defects.
measuring in the Campbell regime in which the excitation All the H-T curves could be fitted very well by a parabola
field is so low that the vortices move slightly in the bottom of the typeH = HO(TJ-—TC)Z. The solid lines in the graph are
of their pinning potential. fits to this expression.

We have checked that the response is within the linear We have studied the angular dependence of the VL re-
regime, by taking similar curves under different ac excita-sponse, and Fig. 5 shows té vs T curves corresponding to
tion, changingh,. from 9 mOe to 1 Oe. For the lower values Hy.=1390 Oe for different values of the anghebetween
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It is evident that the curve for the Twin-Out configuration

0.00 is the one showing simpler structure. In this configuration,
because of our geometrisee Fig. 1 the dc field rotates
-0.25 inside a plane parallel to the twin boundaries. Therefore, the
static magnetic field does not cut the twin boundaries and the
-0.50 TB-vortex interaction is that of a vortex parallel to the twin
= for all ¢ values. The difference ifi; with angle is then due
075 mainly to the anisotropy of the material. However, close to
' the Cu-O planes{=90°) the curve has the form of a cusp.
However, the variation of critical current with angle ex-
-1.00 pected from the anisotropy of the matefigilotted as a full

50 0 70 80 20 line in Fig. 6, shows a maximum. The enhancement pf
observed in this material as a cusp clos&te90° is prob-
ably due to pinning by the Cu-O planes where a “smectic

FIG. 5. x' vs T curves corresponding tbly.=1390 Oe for ~Phase” could be nucleated.

different values of the anglé between thec axis andH, in the In the Twin-45 configuration the dc field rotates in a plane
Twin-Out configuration. Insety’ vs T curves for the thred,, ~ 45° away from the TB’s and therefore the vortices are par-
configurations withd=90 . allel to the TB’s only for¢=0. It is seen that fop=0, T; is

maximum, and its value coincides with that of the Twin-Out
the ¢ axis and Hy.. As in the previous resultsh,,  configuration. When the field is rotated, the vortex-TB inter-
=90 mOe, f=2318 Hz. The ac field is in the Twin-Out action is reduced and this causes a decreask fith in-
configuration. creasing tilt ofH 4. until aroundd~15° the TB-vortex inter-

It can be seen that the curves change with angle in thiaction is ineffective and there is an increase following the
anisotropic material. In particular there is a shift in the tem-anisotropy. Close to the Cu-O planes, again an enhancement
peratureT; (defined by they’ =0.12 criterion which is pre-  of T; over the curve corresponding to the anisotropy is seen.
sented in Fig. 6, while the behavior beldy follows a dif- The Twin-In configuration shows the more complicated
ferent pattern. The behavior beloWy seen in the Twin-In  structure. Here the force on the vortices is parallel to the
and Twin-45 configurations is more complicated, and will beTB’s and the dc field rotates in a plane perpendicular to the
treated in detail elsewhere. We will only remark that in gen-twin boundaries. A#=0 the value ofT; is lower than for
eral, the shielding fraction beloW; is smaller than in the the cases discussed previously, but when tiltihg. away
Twin-Out configuration. In these other configurations, andfrom the TB’s direction there is an increase Ty until 6
for some values o, the shielding is nonmonotonic, show- =4°, then a decrease, and fér-15° the characteristic be-
ing a broad, shallow maximum, probably due to a softeninchavior of the anisotropy is followed.
of the solid which allows a better accommodation to the The detwinned sampl@TW) shows fair agreement with
pinning centers as in the peak effégt. the behavior expected from the anisotropy, but as in sample

The angular dependence 3% /T. at a fixed modulus TW, the same enhancement Bf is observed whe . is
Hq4.=1390 Oe is shown in Fig. 6, including all the different close to the Cu-O planes. The whole curve is shifted towards
h,. configurations used in this work. The samé criterion  lower temperatures with respect to the twinned sample, as
and values oh,. and frequency mentioned above were usedcorresponds when the transition is to a vortex solid.
to defineT; in all configurations. The angular dependence &f has also been studied for
other values of the modulus of the dc magnetic field. Figure
7 shows the results, for the Twin-In configuration for values
of the modulus oH 4. of 52, 750, and 1390 Oe.

0.996) The definition ofT; and the frequency and amplitude of
h,. are the same as in the previous figures. It can be seen that
; the features of the different curves are preserved, although
~ 0.993 the positions of the maxima and minima change with the
= modulus of the dc field. There is always a minimuniTinat

= 0.990

6=0 and then a maximum &, when the angle is increased,
followed by a broad minimum a#,. Both ¢, and 6, de-
crease with increasing modulus Mf;; giving a correspond-

ing temperature dependence. In the inset of Fig. 7 we show
— o the sine of these angles multiplied by the dc magnetic field
790 45 0 5 % plotted against (+ T/T.).

0 (deg)

0.987,

IV. DISCUSSION
FIG. 6. Angular dependence §f=T; /T, for a fixed modulus of

1390 Oe of the dc field. Open diamonds: sample DTW. Sample Tw; Nelson and VianLﬁ’M have predicted that the Bose glass
filled circles: Twin-In configuration, open triangles: Twin-45 con- should show special characteristics that differentiate it from

figuration, filled squares Twin-Out configuration, full line: aniso- the vortex glas$!®2 One such characteristic is that, at the
tropic superconductor witly=5.5. Inset: Low angle detail. transition, the tilt modulu€,, diverges as
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1.004F § zero value of the screening and dissipation when the resitiv-
3% 6, ity has an abrupt drop upon lowering the temperature. This
§2°° result implies that in the critical region, where it is possible

1.000} 2 o - to make a scaling analysis using transport techniques, the

2o

susceptibility has a finite value. We cannot be certain that the
jump we detect iny’ is in the critical region, but it is prob-
able thafT; is very close below the Bose glass transition. Our
experiment should be sensitive to a divergiDg,.

The x' curve corresponding to the Twin-In configuration
shows a jump that is smaller and broader than in the other
T configurations. We interpret that in this geometry the vorti-
ces that are in the TB free regions can move freely and the
vortices that are in the TB’s can move along the channel-
_ shaped potential of the TB’s determining that the sharp char-

' - - ' ' ' acteristic of the screening is lost. In this condition the per-
%0 60 -30 0 30 60 90 turbation ac field penetrates in the sample with a laiggr
6(deg) determining a smaller jump and a worse screening.

The x' curve of the Twin-45 configuration is intermediate
modulus of the dc field. Full circledd4.=52 Oe, open squares: between those Of_ the TWIn-Ou:( a_nd In cor_lflgu_ratlons. Be-
Hy4c.=750 Oe, full trianglesHy,=1390 Oe. Inset: Temperature cause the potential .of_the TBS IS vgry”dlrectlonal, _there
dependence dfl sin(6;) andH sin(6). could exist the pOSS|b|I|ty of “channeling” of the vortices
when a force with components parallel to the TB’s is ap-
plied. In this case, with force at 45 degrees, the displacement
along the TB’s should dominate, and the signal should be
(1) X ) ) _ )
closer to the Twin-In configuration. This is not observed in
the measurements, and an intermediate screening, compat-
and this implies that the superconductor is capable of screeilible with an average anisotropic pinning is observed. In
ing perfectly a transversal dc field in a “transversal Meissnettransport measurements, Pastoeral *® have seen a similar
effect.” As we described above, the curves of Fig. 2 show aanisotropic behavior for vortex motion, when the critical cur-
sharp increase of the screening capability of the system at@nt is very close to zero.
temperatureT; . This response is not usual for YBCO with In the inset of Fig. 4 we can observe the curgésvs T
more conventional probing forc&sand we interpret this for different values of the dc applied field .. The data
sharp increase of the screeningTatas an important change correspond to the Twin-45 configuratidall the configura-
of the response to the tilting stress produced by the probingons show qualitatively similar behaviorThe more visible
ac field. The change in the,, is a manifestation of the Bose change is the variation of the low-temperature structure. In
glass transition from the liquid to the solid vortex lattice. To fact, the broad plateau washes out for lower values of the dc
understand more quantitatively these results we can trangaagnetic field. From an analysis of thg. curves and relat-
form our susceptibility data to ac penetration length by  ing them to the elastic constants involved in this experiment
means of the expressiorr” we found that the change is due to the field dependence of
C,,~ BZ?. Due to the length of this analysis we will discuss
2N ac d it in detall in a future paper.

d tanhz)\_ac 2 Referring to the lines of the different configurations we

have to remark that although we can appreciate differences
corresponding to our slab geometry, whdris the thickness between them the temperature of the onset of the screening
of the sample. As is shown in the inset of Fig. 2 for thecoincides in all the configurations for each value Hbf..
Twin-Out configuration) ,. changes its value from in the  The differences are due to the broadness of the jump and the
liquid to 0.3 d in the solid in less than 1 K. This last value criterion adopted to determinig . Then the shift observed in
probably depends on the number of twin boundaries presetie Twin-In configuration for example is an indication of the
and their effectiveness for increasing the tilt modulus of allbroadness of the jump discussed previously.
the lattice(in our sample 65% of the vortices are pinned in  We turn to the question of how thg' vs T curves change
TB's for Hy.=52 Oe as seen in Bitter decoration experi-with the angleé of the applied magnetic field. Figure 5
mentsg. One remarkable characteristic of the jump is the fre-shows several typical curves for different anglesHqf. in
guency independence of this feature; we have measured frothe Twin-Out configuration. Observe that the curves frém
416 to 10000 Hz without detecting any change. In contrast=0° to 6=82° look almost the same and for angles greater
the low-temperature structure is frequency dependent. than this last value there is an abrupt transition to curves that

One point that is interesting to discuss is how far is theshow a better screening. From these observations we con-
jump from the critical region of the phase transition. Bra-clude that in this configuration, in which the plane of rotation
canovicet al*® have performed measurements of ac suscepef Hq. coincides with the TB planes, the dynamics of the
tibility ( h, parallel to thec axis) and resistivity in a single lattice is not very much dependent on the anisotropy of the
crystal of YBCO in the linear regime also explored by us.material but the Cu-O planes have a strong effect. In fact, we
They have found that the susceptibility starts to show a nonunderstand that in this configuration the vortices are always

Tj/TC

0.996r ¥\

Y

0.992

—e— 52 Oe
—o— 750 Oe
0.988—v— 1390 Oe

:
1

FIG. 7. Angular dependence df; for different values of the

1

Cor~——
(T—=Tge)”

x'=
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in the TB'’s but for angles close to the Cu-O planes probablywith temperature. According to Zhukoet al® the maxi-
they feel attracted by the intrinsic pinning of the planes. Fol-mum angle where thivck-in exists obeys the equation
lowing this idea we interpret the change @t82° as a

lock-in of the vortices in the Cu-O planes. In this case the . gg .

vortices would be pinned in the Cu-O planes and the TB'’s at H sin(¢, )= ¢TOS'”( e1)s ©)

the same time and this fact would greatly reduce the degrees

of freedom of the system, improving drastically the screenwhere ¢, is the flux quantume o= (po/4m\(T))? is the line
ing properties of the superconductor. Observe that the Twinenergy[ ~(1—t) for smallt] and cos@r)=s1/eq , With e
Out is the only configuration that allows the arrangement othe energy of the vortex inside the TB. From the inset of Fig.
vortices as proposed. In the other two configurations it is7 it can be seen that botH sin(#;) and H sin(6,) follow a
impossible for the whole length of the vortex to be in both(1—t) temperature dependence. If we identify with the
correlated potentials at the same time. One measurement thatk-in angle ¢, , Eq. (3) is satisfied as long agy is con-
confirms our interpretation is presented in the inset of Fig. 5stant in temperature, which can happes+fande, have the

In this figure we show the curves obtained for the FC experisame temperature dependence. Beeommodatiorregime
ment of H=1390 Oe applied in the Cu-O planes for theis more problematic to identify. The decoration
three configurations. We can observe that the Twin-Out conexperiment&" at low fields show some evidence of pinning
figuration shows better screening than the other two, whiclyy the TB’s abovet,, and we believe the Cu-O planes may
approximately coincide between themselves. This effectivelhe playing a role in the response of the vortices, so that
indicates that the configuration in which the vortices have thQ)robab|y for angles greater thah the vortices do not form
possibility to stay in both potentials at the same time screenstraight segments but other type of staircase pattern where
better than the other two configurations, in which they arehey are partly pinned to the Cu-O planes.

arranged in a staircase pattern.

The angular dependence df; seen in Fig. 6 varies
strongly when changing the orientation bf.. The mini-
mum in T; for #=0 in the Twin-In configuration corre- We have studied the response of the vortex lattice for
sponds to a maximum in the Twin-45 configuration. Bothdifferent orientations of the probing force on the vortices.
angular curves coincide fof> 6,, so the difference is re- Our measurements show that close to the line of the phase
stricted to the angles where we would expedbek-in re-  transition, the response depends strongly on this orientation.
gime. Because the Twin-In configuration tends to move theé=or H . close to thec axis the shielding is weaker when the
vortices parallel to the TB’s, the vortices inside and outsidetilt on the vortices is parallel to the twin boundaries, and this
the TB’s will be coupled through the shear modulus of thecan be understood in terms ofack-in of the vortices to the
vortex lattice. The minimum seen iy at =0 corresponds  twins. In intermediate angles, the vortices are partly pinned
to a configuration where the vortices outside the TB's ando the TB’s, and for higher angles the Cu-O planes probably
those inside are parallel. Fé 0 some vortices are locked start to play a role. The angular range over which these re-
to the TB’s and those outside follow the field, which in- gimes are observed is strongly dependent on temperature at
creases the coupling between these two types of vortex, irthese low values of the dc magnetic field.
creasing the effective shear modulus of the whole vortex
structure and therefore increasig. The divergence o€, ACKNOWLEDGMENTS
at the transition must be coupled to the shear modulus in
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