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In twinned YBgCu;0, single crystals we have observed that as the magneticHigdctilted away from the
c axis, a nearlyreversible abplane magnetic moment,, is generated that has a sharp maximum as a
function of the tilt anglep; 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 boundBB&s. For a
crystal with a single dominant direction of TB's, the sizenof, at low fields is consistent with ideal shielding
of the ab-plane field componernit,,, as expected for the vortex state that is fully locked to the TB’s. The
maximum inm,, at a fixed temperature occurs at a valueHgf, that is nearly independent gf, we identify
this as the locking fieltH, . The trapping angle+, 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 discrepan&€4.63-18207)06130-4

[. INTRODUCTION At large anglesp, < <ot [Fig. 1(b)], a kinked vortex
structure develops. The tilted vortex segments make an angle
The interaction of vortices with twin boundari€EB’s) in o1 with the TB’s and link segments that remain locked to the
YBa,Cuz0y single crystals has been of considerable interest
for several year¢e.g., Ref. 1-8 The presence of TB's leads <@L OL<Q<Or or<©Q
to increased pinning at high temperatute$®°but they can .
become channels for easier flux penetration at lower

, /
. /
temperature’~° Previous studies were based on the com- Or . /
parison of crystals of different twin structufesor on analy- . /
sis of the detailed angular dependence of the transport
'}

properties® Those experiments give information about the
influence of TB’s on the critical current or on vortex motion,
but do not determine directly the vortex orientation with re-
spect to the TB’s within the crystal. However, an understand- ¢
ing of the transformations of the vortex structure as the mag- B
netic field is tilted away from the TB's requires precise /
knowledge of this orientation.

Vortex interaction with TB’s was considered theoretically /
in Refs. 10—12. The appearance of distinct phases was pre- )
dicted, with the vortex direction becoming noncollinear with o B H BH
the applied magnetic fieldd whenH is tilted away from the /
TB plane; we denote this tilt angle as Theory predicts that
when ¢ is less than a critical locking anglg, , vortices are (a) (b) (©)
locked to the TB's, so that dg is tilted out of the TB plane
(rOtat_'ng fr_om th? crystalline ax'_s toward theab plane, B_ FIG. 1. Transformations in the vortdshick lines structure in-
remains aligned in the TB plaij€ig. 1(a)]. Consequently, in gyced by rotation of the applied magnetic figkdaway from the
the locked vortex state, the transverse component of theps (thin lines: (a) locked, (b) kinked, and(c) collinear vortex
magnetizationM,;, is equal to —H sing, so that the phases. The trapping anglg is that of the linking vortex segments
ab-plane component,;, of the applied field is shielded within the kinked phasepg describes the mean vortex direction.
completely. This ideal shielding ¢, is the distinctive sig- The difference in magnitudes & and uoH is neglected in these
nature of the locked phase. schematic diagrams.
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TB plane. With increasing angle, the length of the locked
segments decreases and vanishes whenet. Equiva-
lently, the angle betwed andH diminishes and vanishes at
o7; thereforeM ,;, should decrease in this range. The size of
¢ is determined by the vortex line tension, so that it is the
analog of the liquid meniscus contact angle. The line tension
equals the energy per unit length of vortex; balance of the
line tensions in the twin plane for the freey) and trapped
(e1) segments of the vortex line at their point of connection
requires that cogr=er/gg.

Finally, at large angles> ¢+ [Fig. 1(c)], the TB’s cease
to influence the vortex structure, so thtt,, falls to the
(smal) thermodynamic magnetization.

The theory describes the extent of the locked state in
terms of a locking fieldH, , transverse to the TB’s and equal
to H sing,; it yields the expressiom =H; sin¢r.tb1?
This result has a straightforward physical interpretation:
When the mean direction of a vort¢ghown by the dashed
line in Fig. Xb)] tilts by an anglepg from the TB's, the
energy of the vortex system changes frothe; (N is the
number of vortices in the sampléo E(¢)=NLeg cos(pr |
—¢g), as can be shown by elementary but tedious calcula-
tions. The restoring torquég which opposes the rotation of
the vortices is given by-JE/deg and, for small angles
¢g, has constant value-NLeg, sin ¢7. The magnetic driv-
ing torqueG,, caused by misalignment betweéh and B FIG. 2. Experimental configuration for measurement of the vec-
increases with the angle betweenH and the TB's:Gy, tor magnetic moment; the shaded regions represent the two sets of
= wo|MXH|=Q|BXH|~NL¢gH sin(p—¢g), where Q is  coils that monitor simultaneously the moments paralfel,§ and
the sample volume; vortex rotation starts when the criticaperpendicular ifi,) to the applied field.
locking angle ¢, =arcsiieq sino1/(pgH)] is exceeded.

Taking into account that for smalpr and low vortex den- of sample rotation at fixed field can induce deviations from
sity, eo/ po=H[In(ap/H/IN(N/E)], the expression for the the critical state.

corresponding locking fieltH, ~H; sin ¢ follows. Conventional (single-channgl magnetometefs'® mea-
sure only the mgy component of m; with torque
magnetometer’ the signal is proportional tan,,; hence,
neither instrument can provide full information abaoat Di-

With the scenario described above in mind, we carried outect visualization of the magnetic fltik or of the vortice$
magnetic studies of several YR2au0, single crystals gives a picture of the normal component of the magnetic
grown from the fluxt® with the aim of looking for direct induction at the sample surface, but no information about the
evidence of these theoretically predicted phases. The crystaRterior. The advantage of our approach is its ability to mea-
studied had a variety of twin structures and varied in concensure both magnetic moment components and so to determine
tration of pointlike defects. Two of these sampl@K and  the components along the principal crystallographic direc-
WZ) were detwinned,and two others were densely twinned. tions  My,= Mgy SiN @+My; COS  and M= Mgy COS@

One of the lattefAM) had both directions of TB’s, but the —mMmy Sing; it is therefore adirect method for study of the
other(0Z) was cut from a larger crystal and, as viewed in atilted vortex phases.

polarized light microscope, had TB’s of predominantly one The angleeg between the average vortex direction and
direction. The present study focuses on the behavior of thighe TB plane is given by tapg=B,,/B., where the trans-
last crystal of dimensions 1.951.15<0.065 mnd, with the  verse component is that in the direction perpendicular to the
long side parallel to the TB's; it is 91.3 K. Transmission TB’s. Demagnetizing factors often complicate the relation-
electron microscopy of a crystal from the same batch showeghip betweer, H, andM in HTS crystals, which are nearly
typical TB spacing of~100 nm? always thin plates. FoM 4,, demagnetization is negligible,

A vibrating sample magnetometé©xford Instruments so thatB,,= po(Hapt+ Mgp). For the field component paral-
51) was used for these studies; it is equipped with two indelel to thec axis, we concentrate on the regime of large fields,
pendent coil sets that measure simultaneously the magnetwith H. greater than the demagnetizing self-field. Then
moments parallelstandard componentgy) and perpendicu- we may putB.~uqH. and finally expresspg in terms of
lar (ortho componenin,,) to H (Fig. 2). The sample can be directly measured quantities as
rotatedin situ about the third axis, with an angular resolution
of 0.01° and reproducibility better than 0.1°. Great care was
taken to avoid misalignment and misorientation artifaéts.
Magnetization loops upot5 T were taken at a sweep rate of
14 mT s ! and at fixed angle, because the converse protocol Even though Eq(1) is not exactbecause of demagnetiz-

Il. EXPERIMENT

tan pg=~| tan ¢+ D
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' R ; . ' . FIG. 4. Reversible magnetizatidvi ,,, of the OZ crystal at 60 K
02} m J as the magnetic field is rotated away from thaxis (¢=0). The

ort 1 170 different curves correspond to the rotation plane being perpendicu-
' lar (TTB), parallel(PTB), and at~45° (ATB) to the dominant TB
planes. For comparison, the behavior of the detwinned MK crystal
0.0} ) (DTW) is shown too. Here and in the later figures, the lines are
guides to the eye.

02l (C) | A second crucial feature of our experimental configura-
) . . . tion is thatirreversible screening currents give negligible
0 2 4 contribution tom,,, whereas they nearly always dominate

m.. The reason for this lies in the platelike geometry of the

HOH (T crystals and is independent of the details of their supercon-

ducting behaviol>*®Quite generally, the critical state set up
FIG. 3. Magnetic field dependences of the magnetic moment & g superconducting plate has (ieversible magnetic mo-
82 K of the twinned crystal OZ for two small angles betwéeand  mentm closely parallel to the plate normal(in our case the
the TB plane:(a) the momenim, parallel toH, (b) the moment  oystallinec axis), even when the applied field is at large
Mor: perpendicular tH, and (c) mo, compared with the moment  gngag ton. Only whenH is nearly parallel to the plane,
m,;, in the ab plane of the crystal. The penetration field fdlfc is within an angle~t/w wheret is the plate thickness andits
~20mT. width, is there a significant irreversible moment in the trans-
verse direction; the present experiments never enter that re-
ing effects, for small anglesp the variations ofpg are well  gime. Hence this geometrical effect assists the observation of
described by the changes mf,;,; that is,m,,/H. is propor-  the reversible transverse momemy,, associated with the
tional to the angle ¢-¢g) betweenB andH. noncollinear vortex phases induced by interaction with the
TB'’s.

Ill. RESULTS AND DISCUSSION B. Angular dependence ofm

For a direct check of the theorié%;*> we use the data  Both the twinned crystals show strong angular depen-
taken at high temperaturds=60 K), where TB pinning is dences oimgy andm,, asH is tilted away from thec axis;
dominant and self-field effects are small, so that we cansample OZ(Fig. 3) was oriented so that the rotation plane
easily attain the conditiotd>Hg. At lower temperatures was perpendicular to the plane of the majority TB's. Note
there is significant vortex channeling and the vortex statehat at these small anglasy,yis dominated by its hysteretic
becomes inhomogeneous. component, whereas fan,, the reversible contribution is
the larger. Moreover, the resolved componemy, in the
direction perpendicular to the TB’s shows very small irre-
versibility over most of the angular ranfe.g., Fig. c)], as

Neglecting self-fields, the magnetization resulting frBm anticipated in the previous section.
andH noncollinearity in the locked and kinked vortex phases Because the irreversibility ah,y, is small, from here on
should be essentially reversiblef. Fig. 1). The reason is we consider only its reversible component, as obtained from
that the line tensions that determine the equilibrignonhys-  the average of upward and downward legs ofriiél loops.
teretig configurations shown in Fig. 1 are of the order of theFor a given field, both twinned crystals show maxima in
large transverséo the TB pinning force, whereas the hys- m,, as a function ofp (Fig. 4). At larger fields this peak
teretic Lorentz forcéit has opposite sign for increasing and becomes sharper and shifts closer todhaxis. At somewhat
decreasing magnetic fields equal to the much smaller lon- higher anglesm,, becomes small, and thereafter hardly
gitudinal TB pinning force. changes until the direction ¢ approaches thab plane.

A. Reversible and irreversible moments
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FIG. 5. Dependence of the vortex directipg on field direction  the ab-plane magnetic field componeht,, at 82 K; the dashed

¢inthe OZ crystal at 82 K, aHl is rotated away from the axisin  line has slope-1. The inset shows the angular dependence of the
the plane perpendicular to the dominant TB planes. The dashed lingeak valueH !

L ¢ max fOr the rotation plane o perpendicular to the
is the theoretical dependend®ef. 1) for ¢ =0.75° ander  majority TB plane, as obtained from-H loops such as Fig.(8).
=4°.

_ . _ other direction(ii) penetration of vortices into the crystal in
Several features prove that this behaviomgy, in crystal  regions of low TB density, andii) thermally activated vor-

OZ is associated with the TB’s in that sample: First andtex tilt, which should become particularly important as

foremost, both detwinned crystals have vanishingly smalkpproacheg, , where the energy difference between locked
m,, (Fig. 4). In a second experiment the OZ crystal wasand kinked states vanishes.
remounted so that the rotation planetbflay parallel to the

plane of the majority TB’s. In this configuratiom,, has a
similar angular dependence to that wheris tilted perpen- ] o
dicular to the plane of the dominant TB's, but is smaller by a  Figures 6 and 7 show a quantitative test of the perfect
factor ~3, that is, nearly field and temperature independentshielding of the in-plane field componenki{,) that is a
This result suggests that in fac25% of the TB’s in the Oz  Signature of the locked vortex state. When plotted against
crystal are orthogonal to the dominant orientation, everHap, the initial slope of the in-plane magnetizatidhy, of
though optical microscopy showed only traces of them; precrystal OZ is indeed close te 1 (note again that demagne-
Sumab|y, they are present on a submicrometer scale. In tglng effects are inSigniﬁcant for this directi))rSince this
final experiment on crystal OZ, it was mounted so that th@magnetic response is observed to be reversible, we refer to it
rotation plane oH lay at an angle of about 45° with the TB s the transverse Meissner effect.
plane. Nowm,,, diminishes as compared with the first ex- At higher fields, the slopelMa,/dH,, continuously de-
periment, and the angle of the maximum increases, as wouleféases in magnitude arid,, drops well below the full-
be expected from simple geometrical considerations baseghielding value. Even within a locked vortex state, the fac-
on the projection oH normal to the TB'’s.

We use Eq(1) to determine thémean vortex direction 0 T

C. Shielding of the transverse field

¢g. In our experimental regime, the angular window in 2
. . e . ~10 60 K
which ¢p deviates fromp, the angle of the applied field, is — - ‘.P“‘
very narrow(Fig. 5. As H is rotated away from the axis, = £ -
¢g at first increases very slowly, with a plateau that is more £ ~ 10"
> VS , C o~ . 82K
marked at low applied fields. Here the vortices prefer to ori- . -10 - o> 11
entate parallel to the TB planes and so deviate from the ap- - g%%’?h
plied field direction. At large angles, the vortex direction = *10% 88*{{
asymptotically approaches that bf, in reasonable accord 3~ +
with theory!!* (shown by the dashed line in Fig):5 102 10°
ea=0 for o<y, -20 poH (MT)
ee=er(er—¢@) for ¢ <e<or, 2 100 150
n 0H ab (mT)
pe=¢ for or<e.

In a simple picture of the locked statggz would be iden-

FIG. 7. Dependence of theb-plane magnetizatioM ., on the
ab-plane magnetic field componeht,;, at 60 K; the dashed line

tically zero. However, in practice there are several possibl@as slope —1. Inset: dependence of the locking field,

reasons for a finite valudi) the presence of TB's with an-

=H sin¢_ on applied fieldH at 60, 82, and 88 K.
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tors previously mentioned can suppress the shieldinghe
presence of TB’s with another directiofii) penetration of

v T
P XX e —

vortices in regions of low TB density, an@ii) thermally 1'0_' ke 4 lil 9, 01]
activated vortex tilt. Consequently, it is not surprising to ob- 08 [T 0Z il Iy o J
serve a continuous and gradual reductiondMg,/dH,;), =) Pl MK * '!hzll

rather than a discontinuity that would signal a sharp transi- E’ 06} 60K /+;
tion from locked to kinked states. = A

= A

We stress that in our experiments we observe the shield-g= 0.4 % ‘
. ) . ) N 85K
ing of the transverse field component with the crystal at a g ./
fixed orientation. In experiments in which the sample is ro- < 0.2 Ma™ "] 00 '
tated in the magnetic field, screening currents and irrevers- / ' H(T)
ible magnetic moments are induced that can easily confuse 0.0 p—o—o—*"" ) . ) Ho ; o]
the situation. Sevgral previous studigsg., Ref. 1'7 have -20 0 20 40
reported observation of the vortex-locked state induced by
the CuO planes; however, this interpretation was based on ¢ (deg)

torque measurements obtained during sample rotation. In-
deed, we have demonstrated that when a thin platecoiha
ventionalsuperconductor (38i) is rotated so that its plane
swings away from the direction &f, a transverse moment is
Induc.:ed that c_:orresponds to perfect Shleldlﬁﬁg'.hus, -|n a  the angular dependences, the reversiblg of crystal OZ is in-
mta_tlon eXpe”ment,' the electromagnetic response is that, luded too(arbitrary unit3. Inset: dependence of the characteristic
the induced screening currents and the transverse mag”et'%ﬁfgles% and ¢, (see text on field at 85 K, where the irrevers-

tion is strongly irreversible. _ _ _ ibility field of ~4 T is within the experimental window.
By working at fixed sample orientation, we avoid these

problems. As the data for the untwinned crystal sH@ig. ] ) ) o
4), in the absence of TB'’s, the transverse magnetization §10MentAm,) that circulate in thab plane is shown in Fig.
zero and there is no transverse shielding. Conversely, th@ to take account of the intrinsic angular dependence of the
reversible transverse shielding observed in the twinnedarameters, the data are plotted at fixedomponent of the
sample is unambiguously associated with the presence of tifield Hc=H cose.!*'°*° The detwinned MK sample with
TB’s and does not arise from electromagnetic induction ardominant pointlike disorder pinning hagindependent ofp
tifacts. up to ~60°. In contrast, the OZ crystal exhibits a very strong
angular dependence, but with a somewhat blunt peak within
D. Locking angle the locking-angle rangénote that, for the same reasons as

Theory®L! predicts maximum misalignment betwe&n may account for the deviation from ideal shieldingtbf,,

andH at the transition from locked to kinked states and that's IS N0t angle independent in that rangeor ¢> ¢, , there
this transition is determined by the magnitudetbf, alone. 'S & 'apid drOph'nJS anctj1 It vamslhes 6.‘; Igrg}a a;]ngles. Cin th
It is therefore reasonable to associate the peakl gf with As Fig. 8 shows, the angular width of the peak in the

this transition. We may also identify the corresponding Valuérreversmlg screening - currentss assouatgd with the
of Hap=H,uSin@~H, e as the lock-in fieldH, . The vortex-TB interaction is comparable to the width of the peak
a max ma .

field positionH ., of the observed peak im., (or M ,,), as in the transverseeversiblemomentm,,. We therefore iden-

seen in the data of Fig. 4, does indeed follow an approximatflY this angle as the boundary of the kinked state, which is
inverse dependence anat low fields(inset to Fig. 6. How- 1€ rapping anglépr; again, the transition is likely to be

ever, at low temperatures, the dependence is better describﬁﬁ'learﬁd’kpekcaduse of thermal alnd othder fac;tjors. o af
by H2.=¢H, #—H,*, which differs from the expression for n the kinked vortex state, a linear dependencesain ¢

a constant, by the termHgl. The value ofuH o deter- may be expected: If bulk pinning can be neglecélde pin-

. . _ ) ) ning force is that acting on the locked segments of vortex
mined from the linear slope off,..(¢) increases rapidly g J J

) line [Fig. 1(b)], so thatF = fgL(1—tangg/tan¢y), where
with temperaturg from 1.7 mT at 88 K to 25 mT at 60 K. The f1g is the pinning force to the TB’s in a direction parallel to
parametemgHg is 1.6 T at 60 K.

. N . . , the TB plane per unit vortex lengtithe dissipation is deter-
The observed increase bif, = H ey Sin ¢ at higher fields  ineq by vortex motion along the TB planes, induced by

(inset to Fig. 7 and also the subsequent decrease near thgurrents transverse to the TB'spg defines the average di-

irrive?ibiljt}: ﬁelq{. mz%/ ge ptntnnec:ced with tk][e influencebof rection ofB [Fig. 1(b)], andL is the crystal thickness. On the
coliective Interactions. Leviations Irom constancy may b€ qiner hand, for fixed and|B|, the Lorentz force component

expectec_i when the app_hed field exceeds the mz_itchmg f'e;‘aarallel to theab plane does not change withs . Therefore
of the twin structure, which for our crystals we estimate to b . . -
about 10! T; this criterion agrees rather well with the ob- he angular - dependencé(¢) =jc(0)(1~tangs/tan¢y)
cerved beha(/ior ~j(0)(1—¢ley) is expectediwe have used the relatibh

' es= (0~ @)/ (e1— @)~ ¢, valid for or>¢].

As the inset to Fig. 8 shows, the anglg at which
is(®) drops most steeply is in good agreement with the angle
The influence of the TB’s on the shielding currents of ¢, the angle at whicim,;, has dropped te-5% of its peak
densityjs (measured by thireversiblepart of the magnetic value (an arbitrary criterion, but one chosen to represent the

FIG. 8. Relative angular dependences of the irreversible mag-
netic momentAm, for the OZ(twinned and MK (detwinned crys-
tals at 60 K at constantoH. (= uoH cose) of 1.5 T; for clarity,
the latter data are displaced upward by 0.1 units. For comparison of

E. Irreversible magnetization and the trapping angle
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last vestiges of the influence of the TB’s on the vortex direc- ' ' 7 " ' '

tion), so that we may regard them both as good measures o [ ] oz 82K 1
the trapping anglepr. The data shows initial near- 2h 0 "

logarithmic variations ofp; and ¢\, with field, which agrees

with the theoretical variation ofpr,'? but then decrease _ °f 10 ]

more rapidly as the irreversibility field is approached. For “E

moH=1 T, we estimatep; to be~2.5° at 88 K and~10° at 3

60 K; this slow variation appears to be consistent with the g° s}

theoretical predicted weak temperature dependelfcés.
We stress that abover, where according to then,, I

measurements the vortex structure has become collinear ,|

Am, continues to fall over a significant further angular range By

(Fig. 8. This indicates that even in the collinear phase, the %=, 1 2 3 4 &

influence of TB pinning survives to larger angles. We see wH (T)

several possible explanations of this behavior: First, the

minimum radius of curvature in the screening current distri- FIG. 9. Magnetic field dependences of the irreversible moment

bution is the penetration depi so that on small scales the Am. at 82 K of the twinned crystal OZ for a succession of angles

shielding of the magnetic field becomes nonlocal. ConsebetweerH and the TB plane; the fields are large compared with the

quently, around shorfless than\) trapped vortex segments, pengtration field of about 20 mT fop=0. Inset: Am, plotted

the direction of the internal field becomes collinear with theagainstuoH for ¢=0.

applied field. However, the vortex core remains in the kinked i . )

state, because its curvature is limited only by the muctPersistence of the effects of TB pinning well into the appar-

smaller coherence length A second possible explanation is €Ntly collinear phas¢at T=82 K, up to¢=10°-15).

the thermal excitation of vortex loops with a segment locked N @ddition, wherH is within a degree or so of theaxis,

to the TB's; such loops provide an increased pinning forceé® _subS|d|'ary maximum or shoplder is VISIb|e' at Iower' fields

without generating any transverse magnetic moment. (Fig. 9); its location shifts rapidly to lower fields ag in-

We now turn to the relationship betweeh and e, for ~ CreasesFig. 1ab)]. _ _ _
which theory suggests, =H,; sin ¢r.12120ur experimen- Neither of these features is associated with vortex
c .

tal values, for example, at 60 K and 1 T, gf~10° and channeling;® because that phenomenon causesiaimum

toHL0=25 mT, would requireugHq,~150 mT—several in Am. whenH is aligned precisely with the axis.
times higher than previously reported data which correspond
to the range 30-50 mTe.g., Ref. 2D. There are two possi-
bilities for this discrepancy: First, we might have incorrectly —~ [ oy4 ;
identified the angles corresponding¢g and ¢, ; however, NE 10k 82 K = |
the regular behavior ofl,,,(¢) [Fig. 6(@] and the consis- < .,

tency betweenp; and ¢y, (Fig. 8 support our analysis. An ~ I J -
alternative is that the theori®s'? oversimplify the interac- - -
tion between vortices and TB'’s; for example, by neglecting
the interaction with the image vortex. The exact calculation
of the image interaction is nontrivial,but as a rough esti- s n (a) .
mate, the effect of a fully reflecting plane is to replddg, ] |

with the thermodynamic critical fieltH. (as at a free sur- oH + ; + ;

face; this gives much better agreement with our experimen-
tal values.

8 8 1

0.2 04 06 08
(HDH)m ( T y

x
E 5 u u

F. Locking transition and the peak effect

MOHmax ( T )
[ ]
+

Finally we discuss the dependence of the irreversible mo- 1 m Am,
ment Am; on magnetic field. In the twinned crystal OZ,
Am(H) shows structure that, within a narrow angular range L+ m
around thec axis, is extremely sensitive to the field orienta- ab ﬁ- ¢

4 .Y
0]

<o
>
3

(b) |

tion (Fig. 9). In untwinned crystals, the response is essen- oL
tially angle independent in this regime, as exemplified by the -20 -10
data for crystal MK in Fig. 8. o) (deg)

The twinned crystal data show a high-field peak that pre-
cedes a rapid fall inAmc; the magnitude of this peak i, 10. Angular dependence @) the magnitude andb) the
Amp, falls off quite rapidly with angldFig. 10a)], butits  position of the high-field peak am,(H) (M) for crystal OZ at 82
positionH ., changes only slowlyFig. 10b)]. Notice again K. (b) Shows also the positions of the subsidiary pealtin.(H)
that at angles above trapping angler&2° atT=82 Kand (<) and the maxima ofm,,(H) (+) at the same temperature; the
uoH=1 T), the continuing decrease iim, indicates the latter is a signature of the collapse of the locked state.
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We note that the position of subsidiary peakAah, co-
incides with the maximum of the transverse momany,

3487

component, but associated features are visible too in the ir-
reversible momentAm, induced by screening currents that

[Fig. 1Qb)]; as we discussed in Sec. Il D, that maximum circulate within theab planes.
marks the boundary of the locked phase. We suggest there- The transitions between the different vortex phases appear

fore that the subsidiary peak inm, is another signature,

albeit a weak one, of the locked phase boundary.

to be smeared rather than sharp, probably because of thermal
activation and other factors. Even so, we are able to suggest

Near thec axis and for fields below the subsidiary peak, criteria for identifying the locking and trapping angles for the

and so within the locked phasé&m; increases approxi-

mately asH? (Fig. 9, insel. There are two theoriés??that

vortex interaction with TB’s; the dependences of these
angles on field and temperature are similar to those predicted

predict an increase of the pinning force parallel to the TBby theory, but their magnitude disagrees. Furthermore,

planes and with the critical current density, and so alsq. ,

within the apparently collinear phase, there are clear indica-

increasing a$! '’ both are related to vortex shear. A similar tions of the persistence of the influence of TB pinning. Our

dependence ahm,, was observed recently fét parallel to

results indicate that the general approach to an understanding

the ab plane and simultaneously aligned closely to the TBof the vortex interaction with TB'’s is correct, but that it is

planes®

IV. CONCLUSIONS

still in need of further development.

ACKNOWLEDGMENTS

We have obtained clear experimental evidence of vortex The authors are grateful to M. Klaser for the preparation
locking phenomena in YB&u;0O; single crystals. The mea- of the detwinned MK and WZ crystals, and to V. M. Vinokur
surements show unambiguously that the direction of the vorfor useful discussions. This work was supported by NATO
tices deviates from the applied field and is attracted to théiinkage Grant No. HT931241, the UK Engineering and
twin boundary planes. The most decisive signature is th&hysical Sciences Research Council, and the Russian Fund
near-perfect and reversible shielding of the transverse fielébr Fundamental Research Grant No. 96-02-18376a.

L. Ya Vinnikov et al, Solid State Commur67, 421(1988; C. J.
Dolanet al, Phys. Rev. Lett62, 827(1989.

2C. A. Duranet al, Nature(London 357, 474(1992.

3V, K. Vlasko-Vlasovet al,, Phys. Rev. Lett72, 3246(1999); L.
A. Dorosinskiiet al, Physica C235-24Q 2727 (1994).

4G. W. Crabtreeet al, Phys. Rev. B36, 4021 (1987; L. J.
Swartzendrubeet al, Phys. Rev. Lett64, 483(1990; J. Z. Liu
et al, ibid. 66, 1354 (1991); U. Welp et al, Appl. Phys. Lett.
57, 84 (1990; D. L. Kaiser et al, J. Appl. Phys.70, 5739
(1991); A. A. Zhukov et al,, SuperconductivitfKIAE) 4, 1268
(1991); A. A. Zhukov et al, Phys. Rev. B51, 12 704(1995.

SW. K. Kwok et al, Phys. Rev. Lett64, 966 (1990; B. Roas
et al, ibid. 64, 479 (1990; G. W. Crabtreeet al,, Physica C
185-189 282(199)); S. Flesheet al, Phys. Rev. B47, 14 448
(1993; J. N. Li et al, ibid. 48, 6612 (1993; V. F. Solovjov
et al, ibid. 50, 13 274(1994.

SW. M. Gyorgy et al, Appl. Phys. Lett.56, 2465 (1990; B.
Janossyet al, Physica C170, 22 (1990; R. Hergtet al,, Phys.
Status Solidi A129 1 (1992.

M. Oussenat al, Phys. Rev. B51, 1389(1995; Phys. Rev. Lett.
76, 2559(1996.

8A. A. Zhukov et al,, Phys. Rev. B52, R9871(1995.

9H. Kupfer et al, Phys. Rev. B54, 644 (1996.

10G. Blatteret al, Phys. Rev. B43, 7826(1991).

11G. Blatteret al, Rev. Mod. Phys66, 1125(1994.

12E. B. Sonin, Phys. Rev. B8, 10 487(1993.

13Th. Wolf et al, J. Cryst. GrowtH6, 1010(1989.

14D, Laceyet al, Supercond. Sci. Technd, 568 (1995.

15F. Hellmanet al, Phys. Rev. Lett68, 867 (1992.

16a. A. Zhukov et al. Phys. Rev. B56, 2809(1997).

17B. Janossyet al, Physica C246, 277 (1999; F. Steinmeyer
et al, Europhys. Lett.24, 459 (1994; V. Vulcanescuet al,
Phys. Rev. B50, 4139(1994).

18A. A. Zhukov et al, Physica C(to be publishel

19, Klein et al. Phys. Rev. B49, 4403(1994.

20E, 7. Meilikhov and V. G. Shapiro, SuperconductivitgIAE) 4,
1437(1991).

2IA. Gurevich and L. D. Cooley, Phys. Rev. B0, 13563
(1994.

22K I. Kugel et al, Czech. J. Physt6, 1025(1996.

23, M. Fisheret al. (unpublishedl



