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Direct observation of tilted vortex structures induced by twin boundaries in
YBa2Cu3Oy single crystals
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In twinned YBa2Cu3Oy single crystals we have observed that as the magnetic fieldH is tilted away from the
c axis, a nearlyreversible ab-plane magnetic momentmab is generated that has a sharp maximum as a
function of the tilt anglew; this moment is absent from detwinned samples. Thus the measured direction of the
vortices deviates from that of the applied field, reflecting their attraction to the twin boundaries~TB’s!. For a
crystal with a single dominant direction of TB’s, the size ofmab at low fields is consistent with ideal shielding
of the ab-plane field componentHab , as expected for the vortex state that is fully locked to the TB’s. The
maximum inmab at a fixed temperature occurs at a value ofHab that is nearly independent ofw; we identify
this as the locking fieldHL . The trapping anglewT , above which the kinked-vortex state vanishes, is apparent
in the data too. The qualitative features of these results agree with current understanding of the vortex-TB
interaction, but there are several quantitative discrepancies.@S0163-1829~97!06130-4#
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I. INTRODUCTION

The interaction of vortices with twin boundaries~TB’s! in
YBa2Cu3Oy single crystals has been of considerable inter
for several years~e.g., Ref. 1–9!. The presence of TB’s lead
to increased pinning at high temperatures,3–6,8,9but they can
become channels for easier flux penetration at low
temperatures.2,7–9 Previous studies were based on the co
parison of crystals of different twin structures4,7 or on analy-
sis of the detailed angular dependence of the trans
properties.5–9 Those experiments give information about t
influence of TB’s on the critical current or on vortex motio
but do not determine directly the vortex orientation with r
spect to the TB’s within the crystal. However, an understa
ing of the transformations of the vortex structure as the m
netic field is tilted away from the TB’s requires preci
knowledge of this orientation.

Vortex interaction with TB’s was considered theoretica
in Refs. 10–12. The appearance of distinct phases was
dicted, with the vortex direction becoming noncollinear w
the applied magnetic fieldH whenH is tilted away from the
TB plane; we denote this tilt angle asw. Theory predicts that
whenw is less than a critical locking anglewL , vortices are
locked to the TB’s, so that asH is tilted out of the TB plane
~rotating from the crystallinec axis toward theab plane!, B
remains aligned in the TB plane@Fig. 1~a!#. Consequently, in
the locked vortex state, the transverse component of
magnetization Mab is equal to 2H sinw, so that the
ab-plane componentHab of the applied field is shielded
completely. This ideal shielding ofHab is the distinctive sig-
nature of the locked phase.
560163-1829/97/56~6!/3481~7!/$10.00
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At large angleswL,w,wT @Fig. 1~b!#, a kinked vortex
structure develops. The tilted vortex segments make an a
wT with the TB’s and link segments that remain locked to t

FIG. 1. Transformations in the vortex~thick lines! structure in-
duced by rotation of the applied magnetic fieldH away from the
TB’s ~thin lines!: ~a! locked, ~b! kinked, and~c! collinear vortex
phases. The trapping anglewT is that of the linking vortex segment
within the kinked phase;wB describes the mean vortex directio
The difference in magnitudes ofB and m0H is neglected in these
schematic diagrams.
3481 © 1997 The American Physical Society
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3482 56A. A. ZHUKOV et al.
TB plane. With increasing anglew, the length of the locked
segments decreases and vanishes whenw5wT . Equiva-
lently, the angle betweenB andH diminishes and vanishes a
wT ; therefore,Mab should decrease in this range. The size
wT is determined by the vortex line tension, so that it is t
analog of the liquid meniscus contact angle. The line tens
equals the energy« per unit length of vortex; balance of th
line tensions in the twin plane for the free («0) and trapped
(«T) segments of the vortex line at their point of connecti
requires that coswT5«T /«0.

Finally, at large anglesw.wT @Fig. 1~c!#, the TB’s cease
to influence the vortex structure, so thatMab falls to the
~small! thermodynamic magnetization.

The theory describes the extent of the locked state
terms of a locking fieldHL , transverse to the TB’s and equ
to H sinwL ; it yields the expressionHL5Hc1 sinwT .11,12

This result has a straightforward physical interpretati
When the mean direction of a vortex@shown by the dashed
line in Fig. 1~b!# tilts by an anglewB from the TB’s, the
energy of the vortex system changes fromNL«T ~N is the
number of vortices in the sample! to E(w)5NL«0 cos(wT
2wB), as can be shown by elementary but tedious calc
tions. The restoring torqueGR which opposes the rotation o
the vortices is given by2]E/]wB and, for small angles
wB , has constant value'NL«0 sinwT . The magnetic driv-
ing torqueGM caused by misalignment betweenH and B
increases with the anglew betweenH and the TB’s:GM
5m0um3Hu5VuB3Hu'NLf0H sin(w2wB), where V is
the sample volume; vortex rotation starts when the criti
locking angle wL5arcsin@«0 sinwT /(f0H)# is exceeded.
Taking into account that for smallwT and low vortex den-
sity, «0 /f05Hc1@ ln(a0 /j)/ln(l/j)#, the expression for the
corresponding locking fieldHL'Hc1 sinwT follows.

II. EXPERIMENT

With the scenario described above in mind, we carried
magnetic studies of several YBa2Cu3Oy single crystals
grown from the flux,13 with the aim of looking for direct
evidence of these theoretically predicted phases. The cry
studied had a variety of twin structures and varied in conc
tration of pointlike defects. Two of these samples~MK and
WZ! were detwinned,8 and two others were densely twinne
One of the latter~AM ! had both directions of TB’s, but the
other~OZ! was cut from a larger crystal and, as viewed in
polarized light microscope, had TB’s of predominantly o
direction. The present study focuses on the behavior of
last crystal of dimensions 1.9531.1530.065 mm3, with the
long side parallel to the TB’s; itsTc is 91.3 K. Transmission
electron microscopy of a crystal from the same batch sho
typical TB spacing of;100 nm.9

A vibrating sample magnetometer~Oxford Instruments
5H! was used for these studies; it is equipped with two in
pendent coil sets that measure simultaneously the mag
moments parallel~standard componentmstd! and perpendicu-
lar ~ortho componentmort! to H ~Fig. 2!. The sample can be
rotatedin situ about the third axis, with an angular resolutio
of 0.01° and reproducibility better than 0.1°. Great care w
taken to avoid misalignment and misorientation artifacts14

Magnetization loops up to 5 T were taken at a sweep rate
14 mT s21 and at fixed angle, because the converse proto
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of sample rotation at fixed field can induce deviations fro
the critical state.

Conventional ~single-channel! magnetometers4,7,8 mea-
sure only the mstd component of m; with torque
magnetometers,6 the signal is proportional tomort ; hence,
neither instrument can provide full information aboutm. Di-
rect visualization of the magnetic flux2,3 or of the vortices1

gives a picture of the normal component of the magne
induction at the sample surface, but no information about
interior. The advantage of our approach is its ability to me
sure both magnetic moment components and so to determ
the components along the principal crystallographic dir
tions mab5mstd sinw1mort cosw and mc5mstd cosw
2mort sinw; it is therefore adirect method for study of the
tilted vortex phases.

The anglewB between the average vortex direction a
the TB plane is given by tanwB5Bab/Bc , where the trans-
verse component is that in the direction perpendicular to
TB’s. Demagnetizing factors often complicate the relatio
ship betweenB, H, andM in HTS crystals, which are nearly
always thin plates. ForMab , demagnetization is negligible
so thatBab5m0(Hab1Mab). For the field component paral
lel to thec axis, we concentrate on the regime of large fiel
with Hc greater than the demagnetizing self-fieldHS . Then
we may putBc'm0Hc and finally expresswB in terms of
directly measured quantities as

tan wB'S tan w1
mab

m0HcV
D . ~1!

Even though Eq.~1! is not exact~because of demagnetiz

FIG. 2. Experimental configuration for measurement of the v
tor magnetic moment; the shaded regions represent the two se
coils that monitor simultaneously the moments parallel (mstd) and
perpendicular (mort) to the applied field.
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56 3483DIRECT OBSERVATION OF TILTED VORTEX . . .
ing effects!, for small anglesw the variations ofwB are well
described by the changes ofmab ; that is,mab /Hc is propor-
tional to the angle (w-wB) betweenB andH.

III. RESULTS AND DISCUSSION

For a direct check of the theories,10–12 we use the data
taken at high temperatures~>60 K!, where TB pinning is
dominant8 and self-field effects are small, so that we c
easily attain the conditionH.HS . At lower temperatures
there is significant vortex channeling and the vortex st
becomes inhomogeneous.

A. Reversible and irreversible moments

Neglecting self-fields, the magnetization resulting fromB
andH noncollinearity in the locked and kinked vortex phas
should be essentially reversible~cf. Fig. 1!. The reason is
that the line tensions that determine the equilibrium~nonhys-
teretic! configurations shown in Fig. 1 are of the order of t
large transverse~to the TB! pinning force, whereas the hys
teretic Lorentz force~it has opposite sign for increasing an
decreasing magnetic fields! is equal to the much smaller lon
gitudinal TB pinning force.

FIG. 3. Magnetic field dependences of the magnetic momen
82 K of the twinned crystal OZ for two small angles betweenH and
the TB plane:~a! the momentmstd parallel toH, ~b! the moment
mort perpendicular toH, and ~c! mort compared with the momen
mab in the ab plane of the crystal. The penetration field forHic is
;20 mT.
e

s

A second crucial feature of our experimental configu
tion is that irreversible screening currents give negligibl
contribution tomab , whereas they nearly always domina
mc . The reason for this lies in the platelike geometry of t
crystals and is independent of the details of their superc
ducting behavior.15,16Quite generally, the critical state set u
in a superconducting plate has its~irreversible! magnetic mo-
mentm closely parallel to the plate normaln ~in our case the
crystallinec axis!, even when the applied fieldH is at large
angles ton. Only when H is nearly parallel to the plane
within an angle;t/w wheret is the plate thickness andw its
width, is there a significant irreversible moment in the tran
verse direction; the present experiments never enter tha
gime. Hence this geometrical effect assists the observatio
the reversible transverse momentmab associated with the
noncollinear vortex phases induced by interaction with
TB’s.

B. Angular dependence ofm

Both the twinned crystals show strong angular dep
dences ofmstd andmort asH is tilted away from thec axis;
sample OZ~Fig. 3! was oriented so that the rotation plan
was perpendicular to the plane of the majority TB’s. No
that at these small angles,mstd is dominated by its hysteretic
component, whereas formort the reversible contribution is
the larger. Moreover, the resolved componentmab in the
direction perpendicular to the TB’s shows very small irr
versibility over most of the angular range@e.g., Fig. 3~c!#, as
anticipated in the previous section.

Because the irreversibility ofmab is small, from here on
we consider only its reversible component, as obtained fr
the average of upward and downward legs of them-H loops.
For a given field, both twinned crystals show maxima
mab as a function ofw ~Fig. 4!. At larger fields this peak
becomes sharper and shifts closer to thec axis. At somewhat
higher anglesmab becomes small, and thereafter hard
changes until the direction ofH approaches theab plane.

at

FIG. 4. Reversible magnetizationMab of the OZ crystal at 60 K
as the magnetic field is rotated away from thec axis (w50). The
different curves correspond to the rotation plane being perpend
lar ~TTB!, parallel~PTB!, and at;45° ~ATB! to the dominant TB
planes. For comparison, the behavior of the detwinned MK cry
~DTW! is shown too. Here and in the later figures, the lines
guides to the eye.
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3484 56A. A. ZHUKOV et al.
Several features prove that this behavior ofmab in crystal
OZ is associated with the TB’s in that sample: First a
foremost, both detwinned crystals have vanishingly sm
mab ~Fig. 4!. In a second experiment the OZ crystal w
remounted so that the rotation plane ofH lay parallel to the
plane of the majority TB’s. In this configuration,mab has a
similar angular dependence to that whenH is tilted perpen-
dicular to the plane of the dominant TB’s, but is smaller by
factor ;3, that is, nearly field and temperature independe
This result suggests that in fact;25% of the TB’s in the OZ
crystal are orthogonal to the dominant orientation, ev
though optical microscopy showed only traces of them; p
sumably, they are present on a submicrometer scale.
final experiment on crystal OZ, it was mounted so that
rotation plane ofH lay at an angle of about 45° with the T
plane. Nowmab diminishes as compared with the first e
periment, and the angle of the maximum increases, as w
be expected from simple geometrical considerations ba
on the projection ofH normal to the TB’s.

We use Eq.~1! to determine the~mean! vortex direction
wB . In our experimental regime, the angular window
which wB deviates fromw, the angle of the applied field, i
very narrow~Fig. 5!. As H is rotated away from thec axis,
wB at first increases very slowly, with a plateau that is mo
marked at low applied fields. Here the vortices prefer to o
entate parallel to the TB planes and so deviate from the
plied field direction. At large angles, the vortex directio
asymptotically approaches that ofH, in reasonable accord
with theory11 ~shown by the dashed line in Fig. 5!:

wB50 for w,wL ,

wB5wT~wT2w! for wL,w,wT , ~2!

wB5w for wT,w.

In a simple picture of the locked state,wB would be iden-
tically zero. However, in practice there are several poss
reasons for a finite value:~i! the presence of TB’s with an

FIG. 5. Dependence of the vortex directionwB on field direction
w in the OZ crystal at 82 K, asH is rotated away from thec axis in
the plane perpendicular to the dominant TB planes. The dashed
is the theoretical dependence~Ref. 11! for wL50.75° and wT

54°.
ll

t.

n
-
a

e

ld
ed

e
i-
p-

le

other direction,~ii ! penetration of vortices into the crystal i
regions of low TB density, and~iii ! thermally activated vor-
tex tilt, which should become particularly important asw
approacheswL , where the energy difference between lock
and kinked states vanishes.

C. Shielding of the transverse field

Figures 6 and 7 show a quantitative test of the perf
shielding of the in-plane field component (Hab) that is a
signature of the locked vortex state. When plotted aga
Hab , the initial slope of the in-plane magnetizationMab of
crystal OZ is indeed close to21 ~note again that demagne
tizing effects are insignificant for this direction!. Since this
magnetic response is observed to be reversible, we refer
as the transverse Meissner effect.

At higher fields, the slopedMab /dHab continuously de-
creases in magnitude andMab drops well below the full-
shielding value. Even within a locked vortex state, the fa

ne

FIG. 6. The dependence of theab-plane magnetizationMab on
the ab-plane magnetic field componentHab at 82 K; the dashed
line has slope21. The inset shows the angular dependence of
peak valueHmax

21 for the rotation plane ofH perpendicular to the
majority TB plane, as obtained fromm-H loops such as Fig. 3~c!.

FIG. 7. Dependence of theab-plane magnetizationMab on the
ab-plane magnetic field componentHab at 60 K; the dashed line
has slope 21. Inset: dependence of the locking fieldHL

5H sinwL on applied fieldH at 60, 82, and 88 K.
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56 3485DIRECT OBSERVATION OF TILTED VORTEX . . .
tors previously mentioned can suppress the shielding:~i! the
presence of TB’s with another direction,~ii ! penetration of
vortices in regions of low TB density, and~iii ! thermally
activated vortex tilt. Consequently, it is not surprising to o
serve a continuous and gradual reduction in (dMab /dHab),
rather than a discontinuity that would signal a sharp tran
tion from locked to kinked states.

We stress that in our experiments we observe the shi
ing of the transverse field component with the crystal a
fixed orientation. In experiments in which the sample is r
tated in the magnetic field, screening currents and irrev
ible magnetic moments are induced that can easily con
the situation. Several previous studies~e.g., Ref. 17! have
reported observation of the vortex-locked state induced
the CuO planes; however, this interpretation was based
torque measurements obtained during sample rotation.
deed, we have demonstrated that when a thin plate of acon-
ventionalsuperconductor (V3Si) is rotated so that its plan
swings away from the direction ofH, a transverse moment i
induced that corresponds to perfect shielding.18 Thus, in a
rotation experiment, the electromagnetic response is tha
the induced screening currents and the transverse magne
tion is strongly irreversible.

By working at fixed sample orientation, we avoid the
problems. As the data for the untwinned crystal show~Fig.
4!, in the absence of TB’s, the transverse magnetizatio
zero and there is no transverse shielding. Conversely,
reversible transverse shielding observed in the twin
sample is unambiguously associated with the presence o
TB’s and does not arise from electromagnetic induction
tifacts.

D. Locking angle

Theory10,11 predicts maximum misalignment betweenB
andH at the transition from locked to kinked states and t
this transition is determined by the magnitude ofHab alone.
It is therefore reasonable to associate the peak ofMab with
this transition. We may also identify the corresponding va
of Hab5Hmax sinw'Hmaxw as the lock-in fieldHL . The
field positionHmax of the observed peak inmab ~or Mab), as
seen in the data of Fig. 4, does indeed follow an approxim
inverse dependence onw at low fields~inset to Fig. 6!. How-
ever, at low temperatures, the dependence is better desc
by Hmax

21 5wHL0
212H0

21, which differs from the expression fo
a constantHL by the termH0

21. The value ofm0HL0 deter-
mined from the linear slope ofHmax

21 (w) increases rapidly
with temperature from 1.7 mT at 88 K to 25 mT at 60 K. T
parameterm0H0 is 1.6 T at 60 K.

The observed increase ofHL5Hmax sinw at higher fields
~inset to Fig. 7! and also the subsequent decrease near
irreversibility field may be connected with the influence
collective interactions.12 Deviations from constancy may b
expected when the applied field exceeds the matching
of the twin structure, which for our crystals we estimate to
about 1021 T; this criterion agrees rather well with the ob
served behavior.

E. Irreversible magnetization and the trapping angle

The influence of the TB’s on the shielding currents
density j s ~measured by theirreversiblepart of the magnetic
-
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momentDmc) that circulate in theab plane is shown in Fig.
8; to take account of the intrinsic angular dependence of
parameters, the data are plotted at fixedc component of the
field Hc5H cosw.11,16,19 The detwinned MK sample with
dominant pointlike disorder pinning hasj s independent ofw
up to;60°. In contrast, the OZ crystal exhibits a very stro
angular dependence, but with a somewhat blunt peak wi
the locking-angle range~note that, for the same reasons
may account for the deviation from ideal shielding ofHab ,
j s is not angle independent in that range!. For w.wL , there
is a rapid drop inj s and it vanishes at large angles.

As Fig. 8 shows, the angular width of the peak in t
irreversible screening currentsj s associated with the
vortex-TB interaction is comparable to the width of the pe
in the transversereversiblemomentmab . We therefore iden-
tify this angle as the boundary of the kinked state, which
the trapping anglewT ; again, the transition is likely to be
smeared, because of thermal and other factors.

In the kinked vortex state, a linear dependence ofj s on w
may be expected: If bulk pinning can be neglected,8 the pin-
ning force is that acting on the locked segments of vor
line @Fig. 1~b!#, so thatF5 f TBL(12tanwB /tanwT), where
f TB is the pinning force to the TB’s in a direction parallel
the TB plane per unit vortex length~the dissipation is deter
mined by vortex motion along the TB planes, induced
currents transverse to the TB’s!, wB defines the average di
rection ofB @Fig. 1~b!#, andL is the crystal thickness. On th
other hand, for fixedj and uBu, the Lorentz force componen
parallel to theab plane does not change withwB . Therefore
the angular dependencej c(w)5 j c(0)(12tanwB /tanwT)
'jc(0)(12w/wT) is expected@we have used the relation11

wB5wT(w2wL)/(wT2wL)'w, valid for wT@wL].
As the inset to Fig. 8 shows, the anglewJ at which

j s(w) drops most steeply is in good agreement with the an
wM , the angle at whichmab has dropped to;5% of its peak
value~an arbitrary criterion, but one chosen to represent

FIG. 8. Relative angular dependences of the irreversible m
netic momentDmc for the OZ~twinned! and MK ~detwinned! crys-
tals at 60 K at constantm0Hc (5m0H cosw) of 1.5 T; for clarity,
the latter data are displaced upward by 0.1 units. For compariso
the angular dependences, the reversiblemab of crystal OZ is in-
cluded too~arbitrary units!. Inset: dependence of the characteris
angleswJ and wM ~see text! on field at 85 K, where the irrevers
ibility field of ;4 T is within the experimental window.
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3486 56A. A. ZHUKOV et al.
last vestiges of the influence of the TB’s on the vortex dir
tion!, so that we may regard them both as good measure
the trapping anglewT . The data shows initial near
logarithmic variations ofwJ andwM with field, which agrees
with the theoretical variation ofwT ,12 but then decrease
more rapidly as the irreversibility field is approached. F
m0H51 T, we estimatewT to be'2.5° at 88 K and'10° at
60 K; this slow variation appears to be consistent with
theoretical predicted weak temperature dependences.10–12

We stress that abovewT , where according to themab

measurements the vortex structure has become collin
Dmc continues to fall over a significant further angular ran
~Fig. 8!. This indicates that even in the collinear phase,
influence of TB pinning survives to larger angles. We s
several possible explanations of this behavior: First,
minimum radius of curvature in the screening current dis
bution is the penetration depthl, so that on small scales th
shielding of the magnetic field becomes nonlocal. Con
quently, around short~less thanl! trapped vortex segments
the direction of the internal field becomes collinear with t
applied field. However, the vortex core remains in the kink
state, because its curvature is limited only by the mu
smaller coherence lengthj. A second possible explanation
the thermal excitation of vortex loops with a segment lock
to the TB’s; such loops provide an increased pinning fo
without generating any transverse magnetic moment.

We now turn to the relationship betweenHL andwT , for
which theory suggestsHL5Hc1 sinwT .11,12 Our experimen-
tal values, for example, at 60 K and 1 T, ofwT'10° and
m0HL0525 mT, would requirem0Hc1'150 mT—several
times higher than previously reported data which corresp
to the range 30–50 mT~e.g., Ref. 20!. There are two possi
bilities for this discrepancy: First, we might have incorrec
identified the angles corresponding towL andwL ; however,
the regular behavior ofHmax(w) @Fig. 6~a!# and the consis-
tency betweenwJ andwM ~Fig. 8! support our analysis. An
alternative is that the theories10–12 oversimplify the interac-
tion between vortices and TB’s; for example, by neglect
the interaction with the image vortex. The exact calculat
of the image interaction is nontrivial,21 but as a rough esti
mate, the effect of a fully reflecting plane is to replaceHc1
with the thermodynamic critical fieldHc ~as at a free sur-
face!; this gives much better agreement with our experim
tal values.

F. Locking transition and the peak effect

Finally we discuss the dependence of the irreversible m
ment Dmc on magnetic field. In the twinned crystal OZ
Dmc(H) shows structure that, within a narrow angular ran
around thec axis, is extremely sensitive to the field orient
tion ~Fig. 9!. In untwinned crystals, the response is ess
tially angle independent in this regime, as exemplified by
data for crystal MK in Fig. 8.

The twinned crystal data show a high-field peak that p
cedes a rapid fall inDmc ; the magnitude of this pea
Dmmax falls off quite rapidly with angle@Fig. 10~a!#, but its
positionHmax changes only slowly@Fig. 10~b!#. Notice again
that at angles above trapping angle (wT'2° atT582 K and
m0H51 T!, the continuing decrease inDmc indicates the
-
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persistence of the effects of TB pinning well into the app
ently collinear phase~at T582 K, up tow510°–15°!.

In addition, whenH is within a degree or so of thec axis,
a subsidiary maximum or shoulder is visible at lower fiel
~Fig. 9!; its location shifts rapidly to lower fields asw in-
creases@Fig. 10~b!#.

Neither of these features is associated with vor
channeling,7,8 because that phenomenon causes aminimum
in Dmc whenH is aligned precisely with thec axis.

FIG. 9. Magnetic field dependences of the irreversible mom
Dmc at 82 K of the twinned crystal OZ for a succession of ang
betweenH and the TB plane; the fields are large compared with
penetration field of about 20 mT forw50. Inset: Dmc plotted
againstm0H1/2 for w50.

FIG. 10. Angular dependence of~a! the magnitude and~b! the
position of the high-field peak ofDmc(H) ~j! for crystal OZ at 82
K. ~b! Shows also the positions of the subsidiary peak inDmc(H)
~L! and the maxima ofmab(H) ~1! at the same temperature; th
latter is a signature of the collapse of the locked state.
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We note that the position of subsidiary peak ofDmc co-
incides with the maximum of the transverse momentmab
@Fig. 10~b!#; as we discussed in Sec. III D, that maximu
marks the boundary of the locked phase. We suggest th
fore that the subsidiary peak inDmc is another signature
albeit a weak one, of the locked phase boundary.

Near thec axis and for fields below the subsidiary pea
and so within the locked phase,Dmc increases approxi
mately asH1/2 ~Fig. 9, inset!. There are two theories21,22 that
predict an increase of the pinning force parallel to the
planes and with the critical current density, and so alsoDmc ,
increasing asH1/2; both are related to vortex shear. A simil
dependence ofDmab was observed recently forH parallel to
the ab plane and simultaneously aligned closely to the
planes.23

IV. CONCLUSIONS

We have obtained clear experimental evidence of vor
locking phenomena in YBa2Cu3O7 single crystals. The mea
surements show unambiguously that the direction of the v
tices deviates from the applied field and is attracted to
twin boundary planes. The most decisive signature is
near-perfect and reversible shielding of the transverse fi
re-

,

x

r-
e
e
ld

component, but associated features are visible too in the
reversible momentDmc induced by screening currents th
circulate within theab planes.

The transitions between the different vortex phases app
to be smeared rather than sharp, probably because of the
activation and other factors. Even so, we are able to sug
criteria for identifying the locking and trapping angles for th
vortex interaction with TB’s; the dependences of the
angles on field and temperature are similar to those predi
by theory, but their magnitude disagrees. Furthermo
within the apparently collinear phase, there are clear ind
tions of the persistence of the influence of TB pinning. O
results indicate that the general approach to an understan
of the vortex interaction with TB’s is correct, but that it
still in need of further development.
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