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Anisotropy and Lorentz-force dependence of twin-boundary pinning and its effect
on Aux-lattice melting in single-crystal YBa~Cu307
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The magnetoresistance of both twinned and detwinned single crystals of YBazCu307 q was measured
as a function of magnetic field strength, orientation, and temperature to determine the pinning proper-
ties of twin boundaries and their effect on the flux-lattice melting transition. Pinning by twin boundaries
manifests itself as a drop in the resistance for magnetic fields oriented within a "depinning angle" of the
twin boundaries. The onset of twin-boundary pinning is found to occur at the shoulder observed in the
low-temperature end of the magnetic-field-broadened resistive transition for H~~c. Two unique current to
twin-boundary configurations were employed to induce vortex motion parallel or perpendicular to the
twin boundaries when the magnetic field is parallel to the c axis. We find the drop in the angular-
dependent resistance, the depinning angle, and the zero-resistance temperature to be enhanced when the
vortices move normal to the twin boundaries indicating that the pinning barriers for this direction of flux
motion are significantly larger. The depinning angle for rotations off the c axis decreases with increasing
magnetic field and decreasing temperature whereas for rotations in the ab plane it is nearly field indepen-
dent. For applied magnetic fields less than 4 T the depinning angle for H rotated off c is larger than that
for H~~ab. Strong pinning by twin boundaries competes with the flux-lattice melting transition for tilt an-

gles less than the depinning angle, totally suppressing the transition for H~~c. For small misalignments
off the twin boundaries a second kink is observed which marks the onset of non-Ohmic behavior and
which we interpret as the flux-lattice melting transition. For angles larger than the depinning angle the
field-broadenend resistive transition and the flux-lattice melting transition of twinned and detwinned
crystals are shown to be essentially identical.

I. INTRODUCTION

The characteristic features of the high-temperature su-
perconductors such as the magnetic-field-broadened resis-
tive transition have made pinning a central issue in their
study. The presence of a downturn, frequently referred
to as a shoulder or kink, at the foot of the resistive transi-
tion in high-quality single crystals of YBazCu307 & for
H~~c (and perpendicular to the applied current J) (Refs.
1 —3) implies that the phase diagram may be quite compli-
cated. In twinned crystals for H

~

c, the shoulder is
thought to separate the resistive transition into two vor-
tex liquid regimes with linear current-voltage characteris-
tics: (1) a high-temperature vortex liquid phase in which
pinning is relatively ineffective and (2) a low-temperature
vortex liquid phase in which pinning becomes effective in
restricting Aux motion substantially. It has been suggest-
ed that the low-temperature liquid phase is due to either
the predominance of the pinning energies over thermal
energies or a true phase transition into a hexatic phase
with enhanced viscosity. ' In addition, a non-Ohmic re-
gime has been distinguished at temperatures near the
zero-resistance point of thin films and twinned single
crystals ' and identified with the "solidification" of the
vortex glass phase. More recently, the existence of a
sharp kink in the resistive transition of untwinned single
crystals was observed to exhibit hysteretic behavior asso-
ciated with Aux-lattice melting. ' However, this melting

kink is not observed in all detwinned crystals presumably
because of varying degrees of disorder, and "clean" and
"dirty" behavior in these crystals can be distinguished by
the presence or absence of the melting kink. Thus both
the low-temperature liquid and solid-glass states are
greatly affected by the extent of disorder in the system
studied. Proton and Au-ion irradiation damage have
been induced in twinned single crystals to facilitate inves-
tigation of the effects of varying disorder on the solid-
glass phase. " The presence of a melting transition for
H ic in untwinned crystals in contrast to its absence in
twinned crystals indicates that twin boundaries (TB's)
play a major role in determining the vortex structure and
its dynamics for this magnetic-field orientation. Present-
ly, we focus on the angular dependence and anisotropy of
TB pinning and its consequences on the resistive and
melting transitions. '

Studies involving pinning by TB's take advantage of
several useful features: (1) The twin planes are naturally
occurring in the system, and fully oxygenated crystals
can be used without introducing additional defects; (2)
crystals can be cleaved to obtain sections with no or few
TB's, or alternatively, the TB's can be removed without
changes to the stoichiometry (3) the proposed pinning
sites are readily observable optically; (4) the microstruc-
ture is stable (some irradiation-induced defects have been
shown to anneal' ); and (5) since TB's are extended planar
objects, their contribution to pinning can be discerned by
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angular-dependent measurements. A drawback to study-
ing the role of TB's as pinning centers is the difficulty in
controlling their density, and although one can find vari-
ous crystals with very different macroscopic twin densi-
ties, the local density within a given crystal is generally
nonuniform.

The planar nature of the TB's allows for the study of
the interaction between vortices and two-dimensional de-
fects. Anisotropic pinning behavior for Aux motion
parallel and perpendicular to the TB's might be expected.
For homogeneous twin planes, pinning against motion
parallel to the boundary is not expected. However, it has
been clearly demonstrated by angular-dependent magne-
toresistance measurements that pinning by TB's occurs
when the Lorentz force is directed parallel to them. ' '
This was explained qualitatively in terms of the location
of atomic-size defects and disorder within the TB's. '

Recent real-time imaging of Aux profiles in lightly
twinned single crystals with the aid of magneto-optical
films revealed that at low temperature and low magnetic
fields the TB's act as barriers to Aux motion normal to
their plane. ' Magnetization-hysteresis measurements
prior to and subsequent to detwinning single crystals
have demonstrated that TB's enhance the magnetization
critical currents in YBa2Cu30 &.

' ' However, for such
measurements it is difficult to extract information on the
dependence of pinning by TB's on the direction of the
driving force, since the magnetization currents Aow in
closed paths and the resulting Lorentz force rotates with
it about the magnetic field. Transport measurements of
the critical-current density (J, ) of epitaxial films in a
magnetic field with various orientations of the current
with respect to the TB's indicate no dependence of J, on
the direction of the Lorentz force for H~ c. The films
used in Ref. 20 contained TB's along both the ( 110) and
( 110) directions, and thus the Lorentz force was direct-
ed at two angles relative to the TB's simultaneously.
Transport measurements on crystals possessing one TB
variant provide the possibility of orienting the Lorentz
force along a single direction relative to the TB's. In the
present paper, we investigate resistively the dependence
of TB pinning on the direction of the Lorentz force in
such crystals, using two unique contact configurations in
which the current was driven in the ab plane either paral-
lel or perpendicular to the TB's and a standard 45
current geometry. With these three geometries, the
Lorentz force can be oriented at 0', 45, and 90' to the
TB's for H

~ ~

c.
Twin-boundary pinning effects have been studied ex-

tensively by various methods including angular-
dependent magnetoresistance, ' ' ' ' magnetization hys-
teresis, ' ' field dependence of the magnetization near
H, &, magnetization relaxation and Meissner frac-
tion, torque measurements, and decoration and im-
aging techniques. ' ' Motivated by the results of
some of these measurements, Blatter, Rhyner, and Vi-
nokur ' have proposed that TB pinning can occur only
for magnetic fields oriented within some critical angle of
the TB s. In the single-vortex-pinning picture, this criti-
cal angle is determined by the tilt modulus and the pin-
ning energy associated with the suppression of the order

parameter in the TB's. We extend our earlier results of
TB pinning for field rotations in the ab plane' to higher
magnetic fields and include measurements of TB pinning
for field rotations off the c axis. We define a depinning
angle (8& ) as the maximum angle over which the pinning
features in the angular-dependent magnetoresistance are
observed and discuss our results qualitatively in terms of
the concepts introduced in the critical-angle model.

The remainder of the text is organized as follows: We
begin by describing the experimental setup and procedure
for measuring the angular dependence of the magne-
toresistance with our crossed magnetic-field technique.
We divide Sec. III into five parts. In Sec. IIIA we
present the field-broadened resistive transition with H~~c
for several crystals with different Lorentz-force orienta-
tions relative to the TB's and show that the downturn to
zero resistivity at the shoulder varies with the Lorentz-
force direction. We take this result to indicate that the
TB-pinning barriers depend on the relative direction of
the Lorentz force. An investigation of the temperature
dependence of TB pinning reveals that its onset coincides
with the shoulder in the resistive transition. In Sec. III B
we compare TB pinning and the associated depinning an-
gle (8 ) for crystals configured with different directions
of the Lorentz force relative to the TB's for H~~c. We find
that the TB's reduce the resistance more significantly and
pin over a much larger angular range (i.e., 0 is larger)
when the Lorentz force is oriented normal to them, sup-
porting the idea that the TB-pinning barriers are largest
for this Aux-motion direction. We demonstrate that the
features in our data that we associate with pinning by
TB's are indeed due to the TB's, and as a consistency
check, we compare similar measurements on a detwinned
crystal. In Sec. III C the anisotropy of TB pinning with
respect to the crystallographic axes is presented. The dy-
namics of vortices in the presence of TB's for the various
Lorentz-force configurations is discussed with reference
to various theoretical models in Sec. IIID. Finally, in
Sec. IIIE we show the development of an additional
feature in the resistive transition as the magnetic field is
tilted off the c axis. For large misalignments with the c
axis, we associate this kink with the fIux-lattice melting
transition and show that it is strongly affected by TB pin-
ning when the misalignment is less than the depinning
angle.

II. EXPERIMENT

Twinned single crystals of YBazCu307 & were grown
using a self-Aux method described elsewhere. The crys-
tals were oxygenated at 420'C for several days producing
samples with transition temperatures in excess of 90 K
and transition widths of AT, ~ 0.5 K, as determined from
the zero-field resistive transition. We shall define T, by
the peak in the temperature derivative of the zero-field
resistive transition. Crystals containing both (110) and
(110) twin boundaries were cleaved with a razor blade
to obtain rectangular prisms containing only one twin
orientation. The cleave planes were chosen to obtain the
appropriate geometry for application of the measuring
current in the ab plane with three distinct orientations
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relative to the TB's: 0' (parallel), 45, and 90' (perpendic-
ular). These crystals shall henceforth be referred to as
YO, Y45, and Y90, respectively, and their current
configuration is shown in Fig. 1. Typical TB spacings in
the crystals used in this experiment were approximately
1000—2000 A, but could vary by a factor of 4 or 5 in
some crystals as determined by transmission electron and
optical microscopics. In addition, two crystals referred
to as DT1 and DT2 were detwinned by annealing in Aow-

ing oxygen under uniaxial stress. ' The resulting samples
were platelets with typical dimensions of the ab planar
face being 0.7 mm XO. 3 mm and the thickness along the c
axis varying from 0.05 to 0.15 mm.

dc and low-frequency (17-Hz) ac resistivities were mea-
sured using a standard four-probe technique with current
densities on the order of 1 A/cm applied in the ab plane.
Contact pads were placed on the crystal with silver epoxy
and sintered at 420'C in fIowing oxygen. Subsequently,
gold wires were attached to these contact strips with
silver epoxy and cured at 120 C. Contact resistances less
than 1 Q were obtained with this method.

The three distinct current-to-TB geometries measured
are represented in Fig. 1. For the two crystals YOa and
YOb, the current was driven nominally parallel to the
TB's to induce vortex motion perpendicular to the TB's
when H~~c. Y90 was configured with the current normal
to the twin planes, the appropriate current arrangement
to study the crystallographic anisotropy of TB pinning
since for both orientations H~~ab~~TB and H~~c~~TB the
maximum Lorentz force is realized (HLJ). ' The result-
ing Lorentz force for both magnetic-field orientations in
this geometry was parallel to the TB's. Y45 had the con-
ventional orientation in which the transport current was
driven at 45' to the TB's. For clarity, the crystals will
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also be labeled with the direction of the Lorentz force rel-
ative to the TB's for H~~c~~TB when convenient. A com-
parison of the results for the three difFerent current orien-
tations with respect to the TB's and the magnetic-field
orientation H~ c ~~TH allows for the investigation of the
anisotropic pinning properties of the TB's.

The angular dependence of the resistivity was mea-
sured by placing the crystals in the bore of two orthogo-
nal superconducting magnets, an 8-T longitudinal magnet
and a 1.5-T transverse split coil. The resultant magnetic
field was tilted relative to the sample by fixing the two or-
thogonal compounds of the magnetic field independently.
This "crossed-field" technique yields an extremely high
angular resolution of 0.005 . However, we were limited
at high fields in our maximum attainable angle because of
the constraint imposed by the size of the transverse mag-
netic field. To provide additional rotational freedom, the
sample was mounted on a stage which could be mechani-
cally rotated about the longitudinal magnetic field (see
the inset of Fig. 1). We have previously employed such a
method to demonstrate intrinsic pinning by the layered
crystal structure of YBa2Cu307

In order to achieve a precise orientation of the sample,
we use the sharp drops observed in the angular depen-
dence of the resistance for H~~TB as a reference. Figure 2
shows R (0) at a fixed temperature for the mechanical ro-
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FIG. 1. Three different current-to-twin-boundary geometries
and the corresponding component of the Lorentz force (FL ) in
the ab plane. H, and HJ denote the transverse and longitudinal
magnetic fields, respectively, and n is the TB normal. For crys-
tal Y90 we also show the magnetic field rotated in the ab plane,
and for this case the angles 0 and /=90' —0 describe the field
orientation relative to the TB's and current, respectively. The
inset shows the procedure for orienting the crystals Y90 and YO

for the crossed-field technique.
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FIG. 2. Angular dependence of the resistance for the three
distinct current configurations at fixed temperature for a mag-
netic field of 1.5 T rotated in the ab plane. Sharp drops in the
resistance when the magnetic field is nearly aligned with the
TB's are superimposed on the fiux-fiow sin P behavior.
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tation of three of these crystals in a 1.5-T magnetic field
confined to the ab plane with P measured relative to the
current direction. Sharp drops in the resistance due to
TB pinning' ' are superimposed on the smooth sin P
Aux-Aow behavior' when the magnetic field is nearly
aligned with the TB's. Note that for crystal YOb the TB-
pinning dip is observed when the magnetic field was
oriented approximately 6 off the current direction. This
indicates the misalignment of the current with respect to
the TB's. For crystal YOa we find the misalignment to be
approximately 3' in the same manner. As demonstrated
by the angular scan for Y90 (JLTB), the drops in the
resistance are sharp enough to mechanically align the
magnetic field parallel to the TB's within 0.5'. To facili-
tate probing the angular region about the TB's, we em-
ploy the crossed-magnetic-field technique mentioned ear-
lier. Our procedure for measuring TB pinning with this
method is as follows: (1) The crystal is mounted with the
longitudinal magnetic field (H& ) nominally parallel to the
TB's either Hillcl TB or Hill&bll B (2) The crystal is
mechanically rotated in the transverse magnetic field
(H, ) while monitoring the resistance, and H~ TB is locat-
ed by the minimum in the TB-pinning dip [see Fig. 1(a),
inset]. (3) The crystal is then manually rotated so that
the transverse magnetic field is in the desired plane of ro-
tation either 0', 45', or 90 to the TB's [see Fig. 1(b), in-
set]. (4) The net magnetic field is then rotated in the
chosen plane of rotation by applying both H& and H,
simultaneously while maintaining a constant resultant
magnitude [see Fig. 1(b), inset].

For measurement of the depinning angle O for rota-
tions off the c axis, we have chosen to rotate the magnetic
field in the plane containing the c axis and the TB normal
for crystals YOa, YOb, and Y90 (see Fig. 1). For crystal
Y90 the current is contained in the plane of rotation, and
although the direction of the Lorentz force is not altered
upon rotation, its magnitude decreases as cosO. For crys-
tals YOa and YOb (J ~TB), the plane of rotation is perpen-
dicular to the current, and consequently, the magnitude
of the Lorentz force is unaffected by the rotation. How-
ever, the direction of the Lorentz force changes, and as
the field is rotated off the c axis by an angle O, the
Lorentz force rotates off the ab plane by the same
amount. We note that the component of the Lorentz
force in the ab plane (and normal to the TB) decreases as
cosO as the magnetic field is rotated off the c axis. For
the angular range over which TB's pin (g —20 ) for crys-
tals YOa and YOb, the component along the TB (propor-
tional to sing) is much smaller than the normal com-
ponent and the situation is approximately the same as
that for Y90. For the crystal configured with the current
oriented 45 to the TB's, we rotate the field off the c axis
in the plane normal to the current. For such a case, the
Lorentz force has a component in the ab plane propor-
tional to cosO directed at 45' to the TB's and a com-
ponent along the c axis parallel to the TB's which varies
like sinO. We can apply the same arguments for this
geometry as for that of Y90. We shall not present angu-
lar scans of the magnetoresistance for the 45'
configuration here. For analogous data on a crystal with
both types of twin domains and the magnetic field rotated

III. RESULTS

The resistivity normalized relative to its value at T,
versus reduced temperature T/T, with H=4 T ~~c is plot-
ted for crystals with various directions of the Lorentz
force relative to the TB's in Fig. 3. The data are present-
ed in this manner to compensate for small variations in
T, and the normal-state resistivity. The resistive transi-
tions appear remarkably similar at high reduced tempera-
tures, but deviate significantly below the shoulder at
T/T, =0.93 as indicated by the solid arrow. The transi-
tions of crystals YOa and YOb (F~iTB) exhibit the sharp-
est downturn toward zero resistivity. As the angle be-
tween the Lorentz force and the TB's is decreased, the
downturn at T/T, =0.93 becomes less pronounced and
the zero-resistance point progresses to lower reduced
temperatures. The shoulder for crystal Y90 (FI ~~TB) is
practically smeared out and the field-broadened transi-
tion is reminiscent of those observed for "dirty"
detwinned single crystals (as will be discussed in Sec.
III B). These data suggest that the downturn marks the
onset of TB pinning and that the pinning strength in-
creases monotonically with the angle between the driving
force and the TB's. We probed all of these crystals using
our crossed-field technique for TB pinning in the temper-
ature regime below the resistive downturn with this hy-
pothesis in mind.
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FIG. 3. Resistivity normalized to its value at T, vs reduced
temperature for four crystals with three different current-to
twin-boundary orientations. The downturn toward zero resis-
tivity at the shoulder is indicated by the solid arrow. In the in-
set the normalized resistivity is plotted vs reduced temperature
for crystals YOa, Y90, and DT2 with H=2 T ~~c. The open ar-
rows indicate temperatures at which the angular scans shown in
Fig. 13 were taken. The solid arrows and dashed line illustrate
the difference in normalized resistivity between the twinned
crystals and the detwinned crystal DT2, which is a relative mea-
sure of the effect of TB pinning at a given temperature.

in the plane bisecting the TB's (i.e., for the same type of
Lorentz-force configuration), we refer the reader to Ref.
34. Note that for g=0' (H~~c ) the Lorentz force is in the
ab plane for all three current configurations.
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Figure 4 displays the angular dependence of the resis-
tance of crystal YOb (FLLTB) for a resultant magnetic
field of 3 T rotated in the plane perpendicular to the TB's
and taken at fixed temperature intervals of -0.2 K in the
temperature regime below the shoulder. At low tempera-
tures the resistance is found to increase as the magnetic
field is tilted away from the TB's (and the c axis), eventu-
ally reaching a maximum, and then decreases as dictate
by the anisotropy of the system upon further rotation to-
ward the ab plane. As in our earlier study for magnetic
fields in the ab plane, TB pinning manifests itself as a
dro in the resistivity when the magnetic field is oriente
within some angular width about the TB's. ' We opera-
tionally define the depinning angle 0 as half of the angu-
lar width between resistance maxima (see Fig. 9). A de-
pinning ang e 0l f 0 —19' is observed for temperatures
within -0.5 K of the zero-resistance temperature. The

d becomes less dramatic as the temperature is
increased and eventually disappears near 87.25 K. e
top pane o ig.l f F' 5 shows the higher-temperature curves
like those in the preceding figure at a finer temperature
interval of 0.1 K. Vestiges of TB pinning are detectable
up to 87.25 K, but cannot be discerned at 87.35 K. Thus
the onset temperature ( TTB ) below which TB pinning
causes a drop in the angular-dependent magnetoresis-
tance curve for H=3 T can be identified as 87.30 +0.05

T l t the temperature at which the downturn inocorrea e e
the resistive transition occurs with TT~, a we — e ne
point characterizing the shoulder must be established.
The resistive transition and its temperature derivative or
H= 3 T ~~c are shown in the bottom panel of Fig. 5. e
resistance is approximately linear over a small tempera-

above the downturn. The derivative features a relative y
constant value of —3 mQ/K over this temperature range

arrow) reilecting the change in curvature associated with
the downturn in the resistive transition. Points marking
the upturn in the derivative, and henceforth denoted by
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FIG. 5. Similar curves to those presented in the preceding
figure are exhibited in the top panel except at a finer tempera-
ture interval of 0.1 K near the onset of TB pinning. Vestiges o
pinning are distinguishable up o~ 0 0 ~ ~ to 87 25 K, but are not
identifiable at 87.35 K. The resistive transition and its tempera-
ture derivative for H =3 T llc are displayed in the bottom pane .
The point T,h marking the steep upturn in the derivative (so id
arrow) is chosen to represent the shoulder in the resistive transi-
tion.
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FIG. 4. Effect of TB pinning on the angular dependence of
the magnetoresistance is displayed fo

~ ~ for rotation of a resultant
magnetic fie o o eld f 3 T ff the c axis. The curves were taken at
fixed temperature approximately every 0.r 02K.

FIG. 6. Onset temperatures for TB pinning TTBT and T as
defined in the previous figure are plotted vs magnet'netic field. The
solid curve is a fit to the equation H=Hp 1 —T /T )" with the
values Hp = 153 T and n = 1.36.
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T,h, were chosen to represent the shoulder in the resistive
transition. Plotted in Fig. 6 are the points T,h and the
onset temperature Tzz for YOb as a function of magnetic
field. The onset temperature T~z and the T,h points are
clearly correlated, indicating that the shoulder is a mani-
festation of TB pinning. The line is a fitted curve of the
form Ho(1 —TzB/T, )", with n =1.36 and HO=153. In
addition, we present the T,h points for crystal Y90 to em-
phasize that the shoulder occurs essentially at the same
reduced temperature for a given field regardless of the
crystal or Lorentz-force configuration. We estimate the
temperature uncertainty of T,h for crystal YOb to range
from -0.2 to 0.5 K with increasing magnetic field due to
"noise" in the derivative. It is more difticult to distin-
guish T,h when the downturn is less pronounced, leading
to larger uncertainty for Y90 (up to 1 K for the highest
magnetic fields measured).

As an alternative determination of the TB-pinning on-
set temperature, the deviation point of the normalized
resistive transitions for a twinned crystal and a detwinned
crystal with similar high-temperature behavior might be
taken. We make such a comparison in Fig. 7 in which
the normalized resistivity versus reduced temperature for
crystal YOb and a "clean" detwinned crystal DT1 for
H=3 T ~~c is shown. The agreement of the temperature
dependences of the two crystals at high reduced tempera-
tures is excellent with the deviation point of the two
curves, indicated by the open arrow, occurring at
T/T, -0.955 near the onset of the linear region just
above the shoulder. This deviation point corresponds to
T=88. 13 K for crystal YOb, which is -0.8 K above the
measured TzB for this magnetic field. Thus it is possible
that TB pinning persists to temperatures slightly above
T&B and acts to suppress or flatten the angular-dependent
background in the highest-temperature R(8) curve of
Fig. 5 without producing a well-defined pinning dip.
However, it is clear that by either of the criteria we have
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chosen, the onset of TB pinning occurs within 1 K of the
shoulder marking the downturn to zero resistance.

The sharp kink exhibited for DTl at T/T, -0.92 la-
beled by T, below which non-Ohmic I-V characteristics
were observed, ' is distinct from the smooth shoulder
with Ohmic resistivity exhibited by YOb. The presence of
the sharp kink which we associate with Aux-lattice melt-
ing is observed in "clean" crystals characterized by high
transition temperatures T, )92 K and narrow transition
widths T, ~0.3 K.' An angular scan centered on the c
axis for H =4 T at a temperature below the shoulder and
near the zero-resistance point of crystal YOb is shown in
the top panel of Fig. 8. The temperature 87 65 K
( T/T, -0.916) was chosen such that it was low enough
to observe strong pinning by the TB's (as evidenced by
the large pinning dip), but high enough to obtain the
current-voltage characteristics over two orders of magni-
tude. The lower panel of the same figure shows the I-V
curves measured for H~~c~~TB and with the magnetic field
oriented 20 ofT' the c axis. In both cases the I-V curves
are linear with slopes of unity and Ohmic behavior is ob-
served within our resolution.
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FICx. 7. Normalized resistive transitions for the detwinned
crystal DT1 and the twinned crystal YOb coincide down to
T/T, -0.955 (open arrow) corresponding to T-88. 13 K for
YOb. This point of deviation can be taken as an alternative
measure of the TB-pinning onset temperature. The Aux-lattice
melting transition for DT1 and the shoulder for YOb are indi-
cated by T and T», respectively.
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FIG. 8. Top panel is a representative TB-pinning curve for a
4-T magnetic field rotated oft' the c axis at T=84.65 K. The
bottom panel shows on a logarithmic plot the current-voltage
characteristics taken for H~~c and with the magnetic field direct-
ed at 20' oft the c axis at the same temperature.
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FIG. 9. Angular dependence of the resistivity for rotation of
a magnetic field of 2 T off the c axis for crystals Y90 (upper
panel) and YOa I,'lower panel). The depinning angle 0~ is defined
as half of the angular width between resistance maxima. The in-
sets show the experimental configuration for each crystal.

field of 2 T rotated in the plane containing the c axis and
the TB normal is shown in Fig. 9. Two striking
differences between the two curves are immediately
identifiable: (1) The depinning angle measured for crystal
YOa is more than twice that of crystal Y90, and (2) the
ratio p(0 )/p(0 ) is two orders of magnitude larger for
crystal YOa than crystal Y90. For both crystals YOa and
YOb with FLlTB, we observed the largest depinning an-
gles, up to 24' at 1 T, accompanied by the most pro-
nounced pinning dips. Twin-boundary pinning manifests
itself over larger angles in our measurements than those
observed in torque measurements ( —5' —7') at lower tem-
peratures (77 K). Decoration experiments reveal that
the TB's affect the vortex configuration for tilts up to
-40' off the c axis in low magnetic field (10 Oe) and
liquid-helium temperatures.

The data exhibited in Fig. 9 were taken at a fixed tem-
perature, and ideally one might expect comparing data
taken at the same reduced temperature would allow
quantitative comparison of the results for the two
configurations. However, TB pinning for Y90 only be-
comes appreciable at reduced temperatures which are
below the zero-resistance point of crystal YOa as revealed
by a comparison for these two crystals of the field-
broadened resistive transition for H=2 T ~~c. Shown in
the inset of Fig. 3 are the normalized resistive transitions
for crystals YOa and Y90 and additional data taken on a
"dirty" detwinned crystal DT2 for the temperature re-
gime around the shoulder. The weak shoulder for crystal
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FIG. 10. Magnetic-field dependence of the TB-pinning
curves of crystal YOa for rotations off' the c axis is displayed.
Each curve was taken at a temperature such that the resistivity
for H~Ic ~ITB was 1% of the resistivity at T, .

Y90, associated with the onset of TB pinning, is observed
to occur at a reduced temperature (T/T, —0.949) in the
vicinity of the zero-resistance temperature for crystal
YOa, and thus it is not possible to investigate TB pinning
at the same reduced temperature and magnetic field for
the two crystals. Alternatively, we have chosen to com-
pare temperatures for which the resistivities with HI~ c for
the two crystals are approximately the same fraction
( —1%) of their respective resistivities at T, .

Comparison of the resistive transitions of YOa and Y90
with that of the DT2 yields insight into the size difference
of the pinning maxima exhibited in Fig. 9 for the two
twinned crystals. The drop in resistivity due to TB pin-
ning is just the difference R (9 )

—R (0'). At 9 the
angular-dependent vortex pinning by the TB's can no
longer be distinguished from the background due to
point-defect pinning, and R(T, O ) for the twinned crys-
tals can be approximated by that for the detwinned crys-
tal. For a qualitative description, we shall compare the
resistive transitions of the twinned crystals with R ( T, O')

of DT2 rather than R(T, H ) since our conclusions are
not altered by this approximation (see Fig. 13 for the an-
gular dependence of DT2). The relative size of the pin-
ning dip for a given twinned crystal can thus be recon-
structed by taking the difference between its resistive
transition and that of DT2 as indicated by the solid ar-
rows in the inset of Fig. 3. The difference between the
normalized resistivities of Y90 and DT2 are much small-
er than those for YOa and DT2 for all reduced tempera-
tures not too close to their respective shoulders, and thus
YOa exhibits a larger pinning dip. The relative size of the
pinning dip for YOa constructed in this manner decreases
substantially and monotonically as the temperature is in-
creased as is verified in temperature-dependent studies of
the TB-pinning curves such as those shown in Fig. 4. In
comparison, the pinning dip for Y90 exhibits weak but
nonmonotonic behavior as we have observed by
temperature-dependent studies of the TB-pinning curves
for this crystal (see Fig. 3 of Ref. 35).

The TB-pinning curves for crystal YOa as a function of
magnetic field are shown in Fig. 10. The curves were tak-
en at temperatures to achieve the 1% resistivity criterion
for the orientation HI~c~~TB as described above. The de-
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pinning angle is found to be magnetic-field dependent, de-
creasing smoothly with increasing magnetic field and
lower temperature. The magnitude of the pinning maxi-
ma is observed to increase with magnetic field. We note
that it is difticult to extract the true magnetic-field depen-
dence of the shape of the pinning curves and the associat-
ed depinning angle since TB pinning occurs at different
temperatures for different values of the magnetic field and
thus temperature effects are unavoidable.

A summary of the values of the depinning angles ob-
tained for the various Lorentz-force configurations versus
magnetic field is presented in Fig. 11. For all but one of
the crystals, 0 was found to decrease smoothly with
magnetic field over the entire range investigated. The
magnetic-field behavior of 0 for crystals Y90 and YOa is
almost linear with fitted slopes of —1.3'/T and —1.6 /T,
respectively. For crystal YOb the depinning angle de-
creases quite rapidly with field at low magnetic fields and
saturates at a value of —19 for fields above 2 T. From a
comparison of the depinning angle of these crystals for a
given magnetic field, 0 is found to increase monotonical-
ly with the angle between the Lorentz force and the TB's.
We believe that this increase of 0 corresponds to an
enhancement of the pinning barriers and results in
different dynamical situations for the various Aux-motion
directions as will be discussed in Sec. III D. These
enhanced pinning barriers cause the steeper downturn to-
ward zero resistance at the shoulder in the resistive tran-
sitions when FLlTB as displayed in Fig. 3 and the associ-
ated pronounced pinning cusp observed in Figs. 4 and 9.

To assure that the features observed in the angular
dependence of the resistance are due to the TB's, we
made the following checks. First, for several crystals the
magnetic field was not only tilted out of the TB's, but also
rotated in the TB plane. Figure 12 shows the angular
dependence for both types of rotation for crystal YOa in a
magnetic field of 2 T. The top curve for the magnetic
field rotated out of the TB's is identical to that presented
in the bottom panel of Fig. 9. A logarithmic scale is
chosen for the vertical axis to emphasize the absence of a
pinning dip when the magnetic field is rotated in the TB's
(lower curve). The resistance is found to be lower when

0 I I I I
I

I 1 I I
I

I I I l
I

I I I I
I

I I I I
I

I I I I
I

I I I3

0-I i s i
I

i i s i ~s i I

H=2T
T=88 ~ 77K

)Ehhhdhhhddh
hhdd

hh
1 h

YOa
H II c II TEI

hhdhhdhhhh)L
hhd hd

h h
h

0 oop
Q. 1 —0 o

0 P 0 I5 0 0 0 P o o

the magnetic field is confined to the twin-boundary plane
and falls off monotonically as the tilt angle increases. We
interpret these results as indicating that vortices are
pinned regardless of the angle as long as the magnetic
field is parallel to the TB's and that the angular depen-
dence is determined by the superconducting anisotropy of
the system.

Additionally, the angular dependence of the magne-
toresistance about the c axis of the detwinned crystal
DT2 was measured for various temperatures near the
zero-resistance point for H=2 T (see Fig. 13). In con-
trast to the behavior exhibited by twinned crystals, no
evidence of a pinning minimum is observed; rather, the
resistance is found to decrease uniformly as the magnetic
field is rotated off the c axis. The corresponding reduced
temperatures at which these angular scans were taken are
indicated by open arrows in the inset of Fig. 3 ~ The dis-
tinct downturn associated with the onset of TB pinning is
not observed in the field-broadened transitions of this
crystal as is evident in the inset of Fig. 3. Consequently,
the zero-resistance point for H=2 T ~~c occurs at a re-
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FICi. 12. Angular dependence of the resistance of crystal YOa
for rotation of a 2-T magnetic field oF the c axis in the TB's
(squares) and normal to the TB's (triangles).
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FIG. 11. Depinning angle I; 0~ ) vs magnetic field is plotted for
all four twinned crystals. The straight lines are linear fits to the
data for YOa and Y90 with slopes of —1.6'/T and —1.3'/T, re-
spectively. The depinning angle shows a monotonic increase as
the angle between the Lorentz force and the TB's increases.

FIG. 13. Angular dependence of the resistance of the
detwinned crystal DT2 for various temperatures and a 2-T mag-
netic field rotated oF the c axis. No drop in the resistance asso-
ciated with TB pinning is observed when the magnetic field is
nearly aligned with the c axis.
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C. Crystallographic anisotropy

The current configuration relative to the TB's of Y90
provided the unique opportunity to investigate the crys-
tallographic anisotropy of TB pinning since for both
orientations H~~c~~TB and H~~ab~~TB the maximum
Lorentz force is achieved (HLJ). We present in Fig. 14 a
normalized angular-dependent resistance for convenience
of comparison of 0 for 1 and 4 T for the two orienta-
tions. The residual resistance for H~~TB has been sub-
tracted out from the raw data (see, for example, Fig. 16
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duced temperature T/T, -0.924 slightly lower than that
for crystal Y90.

The absence of the melting kink (see T in Fig. 7) in
the resistive transition for DT2 in addition to its poorer
zero-field characteristics lead us to believe that this crys-
tal contains more defects than DT1 and hence the label
"dirty. " In contrast to the high transition temperature
and narrow transition width of the "clean" crystal DT1,
this crystal had a T, -90.83 K and a broader transition
width AT, -0.45 K due presumably to a larger number
of oxygen vacancies. Apparently, these types of defects
introduce more disorder into the Abrikosov lattice and
suppress the melting transition. We note the qualitative
similarity in appearance of the field-broadened transitions
of crystals Y90 and DT2 with H=2 T ~~c in the inset of
Fig. 3, which suggests that the mechanism for dissipation
when FL ~~TB might be flux motion along a direction with
enhanced point-defect pinning.

or Ref. 35), and the remainder has been normalized to the
maximum value at the depinning angle, i.e.,
[R (0)—R (0') ] /[R (0„)—R (0') ]. The depinning angle
for field rotations off the c axis (top panel of Fig. 14) was
found to decrease systematically with increasing magnet-
ic field from 10 at 1 T to 6' at 4 T in an approximately
linear fashion (see Fig. 10). In contrast, there was no
magnetic-field dependence of 0 detected within our reso-
lution for field rotations in the ab plane (bottom panel of
Fig. 14). Furthermore, for H(4 T the depinning angle
for tilts about the c axis is greater than that for rotations
in the ab plane.

Note that the pinning curves were obtained at different
temperatures. The field-broadened resistive transitions
and the zero-resistance points differ substantially for the
two field orientations (see, for example, Refs. 1 and 2),
and hence it is not possible to compare TB-pinning
curves at the same temperature for reasonably large mag-
netic fields. However, as can be seen in Fig. 4, at very
low resistivity levels for H~~c (i.e., temperatures in the im-
mediate vicinity of the zero-resistance point) 0 does not
change dramatically with temperature or, equivalently,
with the resistivity criterion. Consequently, the tempera-
tures were chosen to obtain a resistivity as close as possi-
ble to 1% of p(T, ) when the field was aligned with the
TB's. Although the depinning angle is not temperature
dependent in this range, the height of the resistance max-
imum, i.e., R(8 )

—R(0 ), is highly sensitive to tempera-
ture and the resistivity-level criterion. However, we note
that the pinning maxima are more pronounced for rota-
tions in the ab plane than for those off the c axis for all
temperatures well below their respective pinning onset
temperatures TrB (see Fig. 15 for an example of the raw
data when the magnetic field is rotated in the ab plane).

The observed difference in behavior for the two orien-
tations may be due to several factors. The tilt modulus
for rotations in the ab plane is predicted to be larger than
that for rotations off the c axis by a factor of I ', where
I" is the mass anisotropy m, /m, b. ' ' Thus the vor-
tices are more resilient to bending when tilted in the ab
plane causing a smaller depinning angle. In addition, this
process may be affected by the intrinsic pinning mecha-
nism when the magnetic field is rotated in the ab plane,
the onset of which we have previously shown to occur at
a temperature above T~B. There may also be effects
due to different measurement temperatures. We have
previously found the pinning behavior for the two axes of
rotation to be dramatically different for low oxygen con-
tents. Twin-boundary pinning was shown to be relatively
insensitive to large changes in the stoichiometry for rota-
tions in the ab plane, whereas for rotations off the c axis
TB pinning was not observed.

I i ) & & I i i i i I & i & i I i i i & I & i i & I ) & i r I

-20 -15 -10 -5 0 5 10 15
I

20
D. Vortex dynamics in the presence of twin boundaries
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FIG. 14. Angular dependence of the normalized resistance of
crystal Y90 (JLTB) for magnetic fields of 1 and 4 T rotated off
the c axis (top panel) and rotated about the TB's in the ab plane
(bottom panel). The lines through the data are a guide to the
eye. The insets show the experimental configuration.

The existence of sharp drops in the angular-dependent
magnetoresistance for tilt angles less than 0 off the TB's
implies that the vortices are pinned in the TB's over some
part of their length for these field orientations. The static
configuration of the pinned-vortex structure (obtained in
the zero-current limit) should be identical for the crystals
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YOa, YOb, and Y90 since the tilt direction with respect to
the TB's is the same for rotations off the c axis. There-
fore, if the static configuration is not perturbed too great-
ly by the driving force, then the observed difference in the
pinning boundary for the two Lorentz-force orientations
must be due to different dynamical situations. In crystals
YOa and YOb, the dominant component of the Lorentz
force is normal to the TB's, and thus the large potential
barriers associated with the planar interface of the TB
must be overcome. These barriers are due to the strain
field associated with the interchange of the a and b axes
across the twin plane and are present even when the TB's
are free of atomic defects. For crystal Y90 the Lorentz
force is along the TB's and we may consider the qualita-
tively different case of motion impeded by point-defect
pinning which is likely to be enhanced in the TB s rela-
tive to the bulk. For such a case, it should be possible to
reproduce our transport results with the appropriate as-
sumptions about the relative magnitude of the friction
coe%cients in the TB's and the bulk.

The static configuration of a single vortex for a mag-
netic field oriented at an arbitrary angle relative to the
TB's was considered in a model proposed by Blatter,
Rhyner, and Vinokur. ' The vortex configuration is
determined by two competing energy contributions: (1)
AE, the gain in energy due to pinning by TB's, and (2) the
cost of elastic energy of bending the vortex away from
the internal magnetic field. When the magnetic field is
parallel to the TB's, the vortex is straight and pinned
over its entire length. The model assumes that for small
misalignments the vortex adjusts itself such that some
segments of the vortex remain in the TB's to take advan-
tage of the reduced (condensation) energy. The resulting
vortex is "kinked" into segments of length r(0) lying
within the TB's joined by others of length s traversing the
regions between neighboring TB's [see inset (b) of Fig.
15]. As the magnetic field is further rotated away from
the TB's, the deviation of the adjusted vortex from the
internal magnetic field becomes more pronounced, and an
increasing cost of elastic energy is accompanied by a con-
tinuous reduction of the length r(0) of the segments
pinned in the TB s. The critical angle 0, is defined as the
angle at which r(0) goes to zero and occurs when the
elastic energy exactly compensates the pinning energy,
i.e., in the small-angle approximation 0, =(2bE/El )'
where c& is the tilt modulus of an isolated vortex.
Throughout the tilting process, the outlying segments
traversing the domains between TB's have both a con-
stant length s and a fixed orientation of 0, from the TB's.
Above the critical angle, the cost of elastic energy be-
comes so great that it is no longer energetically favorable
for the vortex to bend and the vortex is directed parallel
to the internal magnetic field. A similar model has been
used to interpret the angular dependence of TB pinning
for low magnetic field ( —10 Oe) and low temperature (4.2
K) as determined by decoration techniques. In what
follows we neglect nonlocal effects in an attempt to de-
scribe qualitatively our data.

Our resistive measurements are carried out in a situa-
tion far from static. However, one could imagine that in
the case where the vortices are driven parallel to the TB's
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FIG. 15. Angular dependence of the resistivity for a 1-T
magnetic field rotated in the ab plane. The solid curve is ob-
tained from the expression for p(0) in the text with the experi-
mental values p»=1.07 pA cm, pb =6.44 pQcm, and 0, =7.
The expression for p(0) is an even function of 0, and we present
the curve generated only for 0& 0. Inset (a) shows the low-angle
data with the least-squares-fitted lines yielding an average slope
~dp/dO~o-2. 5 pQ cm/deg. Inset (b) exhibits the kinked vortex
structure of Ref. 31 with the lengths r(0) and s defined.

(as in Y90) the actual configuration of moving vortices
does not differ from the static one, and the ideas of Ref.
31 can be applied to the dynamics in order to describe the
behavior of the resistivity qualitatively. If the vortex
moves along the TB's preserving its static kinked
configuration, the friction force per unit length on the
part of the vortex confined between two neighboring
TB's, comprised of the segments r and s, can be written as

frsr(0)+ fbs
r(0)+s

where frB and fb are the friction forces per unit length
in the TB and the bulk when 0=0„respectively. Since
the resistivity is inversely proportional to the friction,
this gives rise to an angular-dependent resistivity

r(0)+s
r(0)+(p»/p~)s '

where pTB is the resistivity associated with Aux motion in
the TB s and pb is the corresponding resistivity for Aux
motion in the bulk when 0=0, . We have solved for r(0),
s, and 0, exactly using the general approach of Ref. 31 to
extend the range of validity beyond the small-angle ap-
proximation. These exact expressions for r(0), s, and 0„
with the assumption that our operationally defined depin-
ning angle is a measure of the critical angle (0 =0, ), can
be substituted into the above equation for p(0). The
values of p Tz and p& can be obtained from the experimen-
tal data such as from the top panel of Fig. 9 for 0=0' and
0, respectively. The simplest orientation to try to fit is
for field rotations in the ab plane for which the angular-
dependent background is understood quantitatively to
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vary as cos 0 as a result of Lorentz-force-induced dissipa-
tion. For the small angular range over which the TB's
are effective in pinning (0 =7 ), this background is
essentially constant. Thus the above expression for p(0)
should account for the observed shape of the pinning
curves, if a simple extension of the static configuration is
appropriate to describe the dynamics. In the main part
of Fig. 15 we show the angular dependence of the resis-
tivity at a fixed temperature of 89.43 K and for a magnet-
ic field of 1 T confined to the ab plane. The solid curve
shows the angular dependence obtained from the above
expression for p(0) with the values prB, pb, and 0, =7'
taken from the data. Although quite naturally we find
the resistivity to increase as a function of angle, the cur-
vature of p(0) is positive over almost the entire angular
range below 0 in contrast to our data. Furthermore, the
predicted p(0) is a much more slowly changing function
of angle than the observed behavior. A small-angle ex-
pansion of p(0) about 0=0 yields the relation

p+B
I9, =P~B 1+

Pb

dp~s
dO o

from which we can calculate the expected value of 6,
from the initial value of the slope of p(0) and the values
of prii and pb. The low-angle data ( ~0~ ( 1') are shown in
inset (a) of Fig. 15. The lines are least-squares fits to the
data, giving an average initial slope of ~dpld0~O-2. 5

pQ cm/deg. With this slope we obtain a value 0, -0.35',
which is an order of magnitude smaller than the range
over which we observe TB pinning. We obtain a similar
value of 0, -0.36 for the 4-T data and the same
magnetic-field orientation. The dynamics with the rnag-
netic field oriented parallel to the ab plane and the
Lorentz force normal to the Cu02 planes may be compli-
cated by the intrinsic pinning mechanism and lead to the
disparity between theory and our results. Although in
the absence of intrinsic pinning for rotation of a 2-T mag-
netic field off'the c axis we obtain a more reasonable value
of 0, -2 in the same manner, the curvature predicted by
the model remains incorrect. It appears that the static
configuration predicted by Blat ter, Rhyner, and Vi-
nokur ' is not preserved in the high-temperature regime
of our dynamic experimental results. It is possible that
the smearing of the pinning potential by thermal fIuctua-
tions provides only a small perturbation on the dynamics.
However, our results show that even at these high tem-
peratures the TB's produce a substantial effect on the
resistivity.

Many of the previous measurements of the field-
broadened resistive transition in the literature have been
interpreted in terms of thermally activated Aux motion
through pinning barriers at temperatures below the
shoulder. ' Such data suggest indirectly that at the
shoulder the vortex structure undergoes a crossover from
an unpinned state to a state in which pinning becomes
effective and activated behavior is observed. Our mea-
surements show directly that below the shoulder pinning
becomes effective in impeding motion of the vortex struc-
ture and that for magnetic fields precisely aligned with
the c axis the TB's are the predominant pinning centers

giving rise to the shoulder. The question of why TB pin-
ning turns on at this particular temperature remains
open. Worthington, Holtzberg, and Feild' have suggest-
ed that the shoulder might indicate a phase boundary be-
tween the isotropic and hexatic liquid states predicted by
Marchetti and Nelson. Formation of a hexatic liquid of
entangled fIux lines at lower temperatures gives rise to an
enhanced viscosity due to the torsional rigidity associated
with preserving orientational order. This phase transi-
tion is an intrinsic property of the vortex structure and
occurs in the absence of pinning. However, the conse-
quences of pinning by macroscopic inhomogeneities such
as TB's can be transmitted over large length scales in
such a state and have a dramatic effect on restricting Aux
motion. An alternative view proposed by Vinokur et al.
interprets the shoulder as the smooth crossover from an
unpinned liquid at temperatures above the shoulder to a
pinned liquid at lower temperatures, which occurs only in
the presence of disorder and large barriers for the plastic
motion of vortices. These liquid theories can be dis-
tinguished by their predicted temperature dependences
for the friction coefficient y and intervortex viscosity g of
the vortex Quid. Quantitative comparison with any
theoretical model requires a relatively uniform twin den-
sity since the calculated resistivity for the Lorentz-force
configuration of Y90 depends exponentially on the TB
spacing. We are currently investigating the possibility of
measuring the two hydrodynamic parameters on the
same crystal.

E. Evolution of the melting kink

The existence of sharp pinning dips in the angular
dependence of resistance provides a reference for align-
ment of the magnetic field with the c axis, and the angu-
lar resolution of the crossed magnetic-field technique al-
lows for precise alignment. In the top panel of Fig. 16,
the region around the downturn in the resistive transition
of crystal YOb is displayed for a resultant magnetic field
of 2 T oriented between 0 and 10 off the c axis at 2. 5' in-
tervals. The transition curves coincide above the shoul-
der (marked by the solid arrow), but deviate below it as
the resistance for a given temperature shifts to higher
values with increasing angle and the downturn becomes
less pronounced. For the 10' misalignment, the down-
turn in the transition curve at —88.20 K is barely
identifiable. The zero-resistance point shifts to a lower
temperature -86.90 K for the off-axis orientations, but
is relatively insensitive to the degree of misalignment. In
addition, a second kink in the transition curve, indicated
by the open arrow, develops at T-87.05 K, very close to
the zero-resistance point. This kink is barely observable
at 2. 5 and is clearly distinguishable at larger angles.
Analogous curves for larger angles are exhibited in the
lower panel of Fig. 16, which shows that the zero-
resistance point gradually moves to higher temperature
and at the high-temperature end the resistance decreasing
slightly with increasing angle. These results indicate that
at angles larger than 10' the intrinsic anisotropy starts to
manifest itself. The curves cross each other at -88. 15
K, which is near the temperature at which the shoulder
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been suggested that at low angles this transition may be a
manifestation of Bose glass behavior due to the correlated
disorder of the TB's (Refs. 12 and 39) and that such
behavior might be the cause of the previously observed
cusplike behavior in the angular dependence of the peak
in the resistive component of the ac susceptibility (g").
An experimental check of whether the I-V curves in the
transition region obey the predicted dynamical scaling
laws is required to make more definitive statements
about the nature of the transition for angles less than L9,
and such experiments are being considered. For angles
above the depinning angle, we have shown the kink tem-
perature to obey the angular dependence expected for
Aux-lattice melting. ' The similarity between "clean"
twinned and detwinned crystals for the magnetic field
oriented at an angle larger than 0 is demonstrated in
Fig. 18, in which we show the normalized resistive transi-
tion of crystal YOb along with that of crystal DT1 for a
misalignment of 30 off the c axis. The salient features of
the curves are similar with the melting kink occurring at
approximately the same reduced temperature and value
of the normalized resistivity ( —12%%uo). The normalized
resistivity of the twinned crystal is slightly lower than
that of the detwinned crystal at temperatures immediate-
ly above the melting transition. This may be due to

occurs at lower angles. This crossover is due to compet-
ing effects of the anisotropy reducing the resistance at
higher angles and the TB's reducing the resistance for
lower angles at temperatures below 88.15 K. The angular
scans for TB pinning were taken at constant temperature
just above the zero-resistance point for H~~c ~~TB (0') and
can be reconstructed by following an isotherm such as
the one depicted (dashed line) in Fig. 16 at 87.60 K. Ini-
tially, the resistance increases dramatically with angle un-
til a plateau is reached at —17.5, and upon further rota-
tion of the field the resistance decreases gradually.

We have followed the evolution of the second kink as
the magnetic field is rotated toward the ab plane. At a
misalignment as low as 7.5, the kink is found to del-
ineate a non-Ohmic regime at low temperatures from an
Ohmic regime at high temperatures as demonstrated in
Fig. 17. The top panel displays that the I-V curve is
linear at a temperature 87.07 K just above the kink, but is
nonlinear at a temperature 86.95 K slightly below it. The
low-temperature end of the transition is shown in the
lower panel with corresponding temperatures at which
the I-V curves were taken indicated by arrows. At angles
smaller than the depinning angle, there is an interplay be-
tween TB pinning and the transition to non-Ohmic
behavior. This transition is completely suppressed for
the magnetic field exactly aligned with the TB's. It has
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FIG. 16. Low-temperature end of the resistive transitions of

crystal YOb is displayed to emphasize the region around the
shoulder (solid arrow) for various orientations of a 2-T magnetic
field with respect to the c axis. The top panel shows the transi-
tions at 2.5' intervals up to a 10 misalignment. The bottom
panel shows the transitions at larger rnisalignments. A pinning
curve can be reconstructed by following an isotherm such as the
dashed line at 87.60 K with increasing angle.

T(K)

FIG. 17. Top panel shows I-V curves taken with a magnetic
field of 2 T oriented 7.5' off the c axis and at temperatures just
above ( T= 87.07 K) and below ( T= 86.95 K) the kink observed
in the resistive transition. The bottom panel shows the relation
of these temperatures to the kink in the resistive transition. The
kink is found to mark the onset of nonlinear behavior.
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FIG. 18. Normalized resistive transitions are shown for the
detwinned crystal DT1 and the twinned crystal YOb for a mag-
netic field of 2 T tilted 30' off the c axis. The tilt angle is larger
than 0~ so that the effect of the TB's has been reduced substan-
tially.

different crystal quality or a residual effect of TB pinning;
that is, at large angles the intersection regions of the TB's
with the vortices may act as "point" rather than planar
pinning sites and this may drive the resistivity to lower
values. Measurements are in progress to distinguish the
effect of TB's on the melting transition at both small and
large angles to determine whether the nature of the tran-
sition changes at some finite angle.

IV. CONCLUSION

We have measured the resistive transition in a magnet-
ic field for H~~c for several crystals with three different
Lorentz-force directions relative to the TB's. We find
that the downturn toward zero resistivity at the shoulder
in the transition becomes progressively steeper as the an-
gle between the Lorentz force and TB's increases. We in-
terpret this result as an increase of the pinning barriers as
the Lorentz force is rotated toward the twin plane nor-
mal. The shoulder in the resistive transition has been
shown directly to coincide with the onset of TB pinning
by angular-dependent magnetoresistance measurements.
Comparison of the strong and weak TB-pinning
configurations and detwinned crystals reveals that the
TB's are the pinning center causing the downturn to zero
resistivity in twinned crystals in magnetic fields precisely
aligned with the c axis. The angular-dependent pinning
curves taken at temperatures below the shoulder are
characterized by a depinning angle above which the TB's
no longer effectively pin as planar defects. A comparison
of the three Lorentz-force geometries for H~~c yields the
observation that the depinning angle increases monotoni-
cally as the Lorentz force is rotated toward the TB nor-

mal. This increase is a direct manifestation of the anisot-
ropy of the TB-pinning barriers and is consistent with the
conjecture that these barriers increase as the angle be-
tween the Lorentz force and the twin boundaries becomes
larger. For Aux motion parallel to the twin boundaries,
our measurements suggest that the dynamics is similar to
that in the presence of point defects with an enhanced de-
fect density. However, a dynamical description of Aux
motion normal to the twin boundaries requires that the
planar nature of the twin boundaries, or the effect of
correlated disorder, be considered.

Twin-boundary pinning was investigated for both H~~c
and H~~ab on the same crystal using a contact geometry
in which the current was applied normal to the TB's.
The maximum Lorentz-force configuration (HLJ) was
obtained for both magnetic-field orientations H~~c~~TB
and HI~ab~~TB, making comparison unambiguous. The
depinning angle for rotations off the c axis was found to
be larger than that for rotations in the ab plane for H (4
T. We find the depinning angle for H~ ah~~TB to be rela-
tively insensitive to magnetic field, whereas the depinning
angle for rotations off the c axis decrease linearly with in-
creasing magnetic field and lower temperature.

Twin-boundary pinning for H
~

c was investigated
below the shoulder in the liquid state for which the I-V
characteristics were found to be linear. For small tilts off
the c axis, a second kink in the resistive transition devel-
ops, below which non-Ohmic behavior was observed.
This second kink evolves into the kink which we have
identified as the onset of the Aux-lattice melting transition
for angles above the depinning angle. However, at low
angles pinning by twin boundaries seems to suppress the
melting transition and may alter the nature of the transi-
tion altogether.
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