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We investigate the pinning properties of twin boundaries in YBa,Cu;0,_s single crystals within a
collective-pinning theory. For small angles ¢ between the magnetic field and the twin boundaries,
the vortex lattice adjusts to the array of twinning planes. Above the bulk depinning temperature
T,, the pinning properties of the twin boundaries are enhanced as compared with the bulk pinning.
The combined effects lead to an increased pinning of the vortex lattice at small angles 1, explaining
the narrow angular response observed recently in the resistive transition and in torque measure-

ments.

Recently, the question of the interplay between vortex
pinning and twin boundaries in YBa,Cu;0,_5 has at-
tracted a lot of interest.! > Kwok et al.? observed an
enhanced pinning due to twin boundaries in resistivity
measurements on an YBa,Cu;0,_jg single crystal. Their
results have been confirmed with torque measurements by
Gyorgy et al.® Besides their importance for the pinning
properties of the material, the twinning planes (TP) pro-
vide a testing ground for the theory of vortex pinning in
YBa,Cu;0,_5. In this paper we attempt to explain the
experimental findings of Kwok ez al.?> and of Gyorgy
et al.® within the framework of a collective-pinning
theory. We first briefly collect the experimental results
and then present a model describing the pinning proper-
ties of the TP.

Recent experiments on single crystals of YBa,Cu;0,_g4
reveal a kink in the resistive transition (i.e., a sharp
change in 0p /9T at a temperature Ty < T,) for a magnet-
ic field applied perpendicularly to the current-flow direc-
tion. A particularly sharp kink has been observed by
Kwok et al.? for the case where both the magnetic field
and current are in the a-b plane of the crystal. For a
magnetic field of 1.5 T, the kink is =~1 K below the zero-
field critical temperature [T,(H =0 T)=92.5 K] and
separates the resistive transition into an Ohmic regime
above Tx=91.6 K and a non-Ohmic part below Ty.
Upon lowering the temperature below Tk, a sharp drop
appears in the resistivity whenever the applied magnetic
field is aligned with the twin boundaries. In the following
we attempt to model the effects of the TP on the pinning
properties of the crystal. First, we determine the equilib-
rium configuration of the vortex lattice in the presence of
an array of attracting TP. Next, we discuss the effects of
point-pinning centers and analyze the dynamic properties
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of a vortex in an applied force field within a collective-
pinning theory. We will demonstrate that the enhanced
pinning by twin boundaries is a dimensional effect.

To begin with, we consider a strongly simplified model.
We assume the twin boundaries to form a periodic lattice
(with spacing d) and the external field H to lie in the a-b
plane, enclosing an angle ¢ with the TP. Furthermore,
we neglect all effects of point-pinning centers for the time
being. The TP attract the vortices because of the
suppression of the order parameter® and each vortex de-
forms in order to adjust itself to the twinning lattice (see
Fig. 1). For small angles ¢, the vortices will follow the
TP over a distance » and point along the external-field
direction only in the average over one period. First we
consider small magnetic fields such that we can neglect
the interaction between the vortices. The line tension for
a vortex lying in the a-b plane is®

£, =(®y/dmhy ) In(kV'T)/VT

where I'=m_/m,, denotes the mass-anisotropy factor,
A4 is the magnetic-penetration depth in the a-b plane,
and «k=A, /&, is the Ginzburg-landau parameter
(&,, =coherence length). Due to the suppression of the
order parameter, the line tension is reduced to g, —Ag,
with Ag; >0, within the TP. The energy difference (per
period) between an adjusted and a straight vortex (» =0)
is
E(r,0)=(r+s—tlg,—r Ag
-1
F?—rAg, (3—0).
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The lowest-energy configuration for the vortex is found
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FIG. 1. Deformation of a single vortex by an attractive twin
boundary potential. A current j pointing along the a axis exerts
a Lorentz force F; parallel to the ¢ axis, leading to vortex
motion within the plane above the depinning temperature 7,.

by minimizing E (r,4') with respect to r (with J fixed) and
we obtain the result

1 1

r(d)=d E—F o(3*—1),

(9* —9)?
3

where the critical angle is given by 9* =1/2A¢, /¢, [O(x)
is the Heaviside unit-step function]. We find that, for
small angles ¥ <d*, the vortex deforms in order to lower
its energy (see Fig. 2). The vortex binding energy rapidly
approaches its asymptotic value Ag; as ¢—0. For angles
above %, the vortex remains straight, (4 >39*)=0. The
crucial parameter determining the critical angle 9* is the
relative lowering of the line tension in the TP, Ag,/¢,.
Using the decoration experiments of Dolan et al.,® we
can determine Ag,; /g, for H(=40 G)||cat T, =4.2 K:

Ag,~V(al®)—V(a}) .

E(r(9),8)=—1le,d

2

o(3*—49),

Here
V(r)=2(Dy /4y Ko /Ayy)

is the interaction energy between vortices and a ¥ ~0.75
pm and a§~1.3 um are the nearest-neighbor distances
between the vortices within the TP and in the bulk, re-
spectively, as extracted from Fig. 4 of Ref. 6. From the
value

(Ag; /ey (T, =4.2 K)=~2.107"7,
we can find an estimate for
(AEI/GI)HLC(T2=9O K),

assuming a suppression of the order parameter*’ to be at
the origin of the attractive interaction Ag,. First, turning
the field H into the a-b plane, a factor Ink/In(kV'T)=~0.7
is picked up. Second, the suppression of the order pa-
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FIG. 2. Deformation r and pinning potential E of a vortex
for a field enclosing an angle ¢ with the TP. For angles > 3*,
the vortex remains aligned with the field everywhere. The pin-
ning properties of the planes are only effective for a sufficiently
large deformation, r(&#)> L,, where L, is the pinning length in
the planes. This reduces the critical angle for the observation of
enhanced pinning by twin boundaries to the value J,.

rameter increases with temperature <&~ 1(T) and, hence,
Ag;=eb y—elf < [(1—t)—(1—1)?]=t(1—1),
t=T/T,. With g, x(1—1t), we obtain the result
(Ag; /) )q1(T,=90 K)=0.03 .

The limit where the magnetic pinning is less than the
maximal core pinning is given by

Ag; /g, <[4In(kV'T)] 1~0.04 ,

thus, our result is consistent with the above assumption
of core pinning. The resulting critical angle is 9* ~ 14°.

Next we consider an arbitrary strength for the magnet-
ic field, supposing that I,d <A, with [ =(V3T®,/2H)!"?
the mean distance between the vortices in the plane.’
The critical angle 9* can be found from the balance be-
tween the energy gain due to trapping by TP and the cost
of elastic energy,

1 *2 Ag,
Cas(k)T :’Tf,

where
21

cyq(k)= s m,

H. <<H<<H,,

is the tilt modulus for the field H parallel to the a-b
plane, f is the fraction of vortices trapped by the TP, and
h =®,/Bl is the vortex separation along the c¢ axis. The
wave vector k, denotes the cutoff for transverse fluctua-
tions of the vortices. For large fields, [ <<d, the trapped
fraction is f =1 /d, the cutoff k, is given by the spacing d
of the twin boundaries, k|, =~ /d, and we obtain a reduc-
tion of the critical angle
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With H=~1.5 T and assuming a distance? d ~10° A be-
tween adjacent TP, we are at the crossover between the
low- and high-field regime and the reduction of the criti-
cal angle is not yet effective.

Having discussed the equilibrium configuration of the
vortex, we now study its dynamic properties in an applied
force field. In the experiment by Kwok et al.,? the
current applied along the @ axis produces a Lorentz force
pointing along the TP (see Fig. 1). We have to include
the point-pinning centers in our model which prevent the
vortex from moving in this force field. The mobility of
the vortices in the TP is reduced as compared with the
bulk: First, strain fields associated with the twin boun-
daries make them probable locations for atomic defects,
leading to an increased density of pinning centers.
Second, thermal fluctuations lead to a smoothening of the
pinning potential above the depinning temperature T,
defined by the condition (u?)(T,)=& (u is the dxsplace-
ment of the vortex line from 1ts equilibrium position).
This smoothening is more effective for three-dimensional
(3D) bulk pinning than for 2D pinning within the TP:
For single-vortex pinning and T >T,, the bulk critical
current density drops exponentially with increasing tem-
perature,9

JP()~ P O)exp[ —(T/T,)’]
whereas the decrease is only algebraic for the critical
current in the twin boundaries, '

JE(T)~ (T, (T /T, 7,

where j3P(0) and j2P( T,) denote the critical current den-
sities in the bulk (at T = 0) and in the TP (at T=T,), re-
spectively. Hence, a dimensional reduction of the vortex
motion by trapping into the TP potential well enhances
the barriers for motion at temperatures 7>7,. In
YBa,Cu;0;_5, T, ~30K for a field of H~1T.?

The enhanced pinning properties of the TP will be ex-
perimentally manifest if the vortices move within the
twinning planes and do not prefer to jump out of the twin
boundaries into the bulk, where their motion is less hin-
dered. First note that pinning within the TP becomes
effective only if the trapped length of the vortex, 7 (), is
larger than the collective-pinning length L,.'" Hence,
the critical angle where the pinning properties of the TP
become relevant is reduced to

&, =0*/(1+3*L,/d)

where 3* has to be taken in rad. The pinning length L,
is not easy to determine accurately, but a reasonable esti-
mate!? for the situation in the experiment of Kwok et al.
is L,~50a,, where ag=""®,/B. With d~10° A we
obtam a critical angle ¢, ~2.5°.

Let us now study the motion of the vortex under the
influence of the Lorentz force produced by the applied
current density j. The thermally activated motion of the
vortex along the TP will proceed in a sequence of optimal
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jumps'® with a length L20 which depends on the applied
current density, Log =L, ( jEP /i, u=2. Here, j¥®
denotes the critical current dens1ty of the TP. The ener-
gy barrier E for this jump within the TP is given by the
energy difference of two neighboring metastable states in
the random-pinning environment,

Em_ (L(Z)th/Lp)l/S

[U denotes the pinning energy and r(¢#)>L23 >L,]. On
the other hand, the vortex could also jump out of the
plane and move in the region between the TP, where the
pinning is reduced. The vortex then moves in the bulk in
a sequence of optimal jumps'3 with

ng =L,(;2°/j*

=~u. The barrier for a minimal segment of length LOpl
agamst jumping out of the plane is E Bf’““‘As,ng For
large current densities j, such that Ej' > EQ", the vortex
prefers to move between the TP where it is less pinned.

The criterion for this dynamic instability is
2

Lp Ae !

U

;3D
Je
:2D
c

Jzjee=j2P

To estimate the energy ratio
L, Ae;/U=L,(Ag;/¢;)e; /U ,

we express the line energy €; by the pinning energy U and
the pinning length L,, ¢, =UL,/(VTE?), with &, the
coherence length along the ¢ axis. We obtain

L, Ae;/U=(Ag;/e))(L,/Ey) .

Our analysis applies to the situation of single-vortex pin-
ning which is restricted to low fields and low tempera-
tures (for H =1.5 T the temperature range is estimated’’®
to be T <40 K). At the crossover between single-vortex
pinning and collective lattice pinning, a consistent set of
parameters is L,=~ay,=360 A, Ag;/g;,=0.02, and
Eap =30 A and we obtam the result L, Ag; /U ~3. This
ratio measures the relative importance of the TP pinning
and the pinning by point defects. Since L, Ag; /U —0 for
T —0, we find that there exists a crossover temperature
above which the pinning potential becomes dominated by
the TP, leading to the trapping of the vortex into the TP
potential well below the critical angle ¢, calculated
above. The factor (j2P/j2P)3/? accounts for the reduced
pinning in the bulk. “For a reduction’ 3P/ ~0.2, we
find that j*°~;?P. The experiments by Kwok et al.’
have been performed at high temperatures in the regime
of collective lattice pinning. The pinning length L,
grows rapidly with temperature above the depinning tem-
perature 7, and we expect the ratio L, Ag; /U to be even
larger in this case. We conclude that, at high tempera-
tures, the vortex remains pinned by the TP and the di-
mensional reduction remains effective for all experimen-
tally relevant current densities. At small temperatures
our model predicts a dynamic instability such that
enhanced pinning by twin boundaries disappears for large
current densities.
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Let us now return to the experimental findings by
Kwok et al.? (resistive transition) and by Gyorgy et al.?
(torque measurements). The sharp drop in the resistivity
for magnetic fields aligned with the direction of the twin
boundaries can be understood in the light of the above
model: As the angle between the field and the TP de-
creases below the critical angle ., the vortices become
partially trapped by the TP and their net velocity is re-
duced by the enhanced pinning in the planes. The vor-
tices are pinned collectively; thus, if a fraction of the vor-
tices is strongly pinned, the motion of the whole lattice is
reduced'* and the resistivity drops. The smallest onset
width of the resistivity drop in the experiment of Kwok
et al.? is ~6°. In our model we find an estimate for the
onset width 2¢,~5 (H=1.5 T, d=~10° A, Ag, /¢
~0.03), which compares well with the experimental re-
sults.

As discussed above, the drop in the resistivity for H
aligned with the twin boundaries is a consequence of their
enhanced pinning strength. Hence, this drop is expected
to disappear above the temperature where pinning be-
comes ineffective. The transition to the regime of flux
flow has been described as proceeding in two stages:!’
The glass temperature T, <Ty separates the region of
collective creep from the region of thermally assisted flux
flow (TAFF). Using the experiments by Koch et al.,'®
we estimate T,(H =1.5 T)=~85 K.!” Below T, the vortex
lattice is assumed to be pinned in a glassy state which is
characterized by infinitely growing energy barriers Eg(j)
(j—0) for creep, Ez ~j % a>0, and the linear resistivi-
ty is zero.” Above T,, the vortices can move in a force
field but their motion is still restricted by the existence of
large but finite barriers (plastic flow). The vortex motion
still proceeds via thermally activated hops and the resis-
tivity is non-Ohmic at large current densities and be-
comes Ohmic as j—0 with an exponentially small resis-
tivity. Finally, at T, all influence of pinning disappears,
the vortices flow freely, and the transition becomes Ohm-
ic. The above scenario for the depinning transition
agrees with the experimental observation that the resis-
tive drop for ¢ <3, disappears for temperatures 7 > T .

Additional support of the above model is provided by
the torque measurements of Gyorgy et al.’> For magnetic
fields parallel to the TP, a sixfold increase is observed in
the torque as compared with the background. The peaks
(width at onset 10°-15°) disappear at low temperatures
(T'=27 K). Assuming a critical-state model for the
current flow producing the magnetic moment, we have to
consider the two critical current densities ;¢ and j¢
flowing in the planes and along the direction of the ¢ axis,
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respectively (we use the notation of Ref. 3). As the mag-
netic field points along the TP, j* produces a Lorentz
force pushing the vortices in the direction of the planes
and thus j®° is increased by the enhanced pinning prop-
erties of the twin boundaries as described above. The
current density flowing parallel to the ¢ axis produces a
force which tends to push the vortices out of the TP po-
tential well. The effective trapping force decreases slowly
with temperature above T, [~ 771, compared with
jZP3D(T) above] and thus the critical current j¢ will be
enhanced due to the trapping ( ~Ag;) of the vortices by
the twin boundaries if 4 <9*. This increase of the criti-
cal currents j% and j¢ by the TP explains the observed
peaks in the measurements. Upon cooling, the relative
importance of the TP pinning decreases as compared
with the pinning by point defects as shown above. Below
the depinning temperature, the vortices are pinned in the
bulk and the contribution of the twin boundaries becomes
unobservable.

In summary, we have described a model which ex-
plains the enhanced pinning produced by twin boundaries
within the framework of a collective-pinning theory. We
have found that, at small angles © <4, the vortex lattice
accommodates to the lattice of twinning planes, resulting
in a decreased resistivity? or in an enhanced critical
current density,’ depending on the experimental situa-
tion. These improved superconducting properties are a
dimensional effect which is limited to the temperature re-
gime between the depinning temperature 7}, and the tem-
perature of free flux flow, T, where the pinning strength
in the twinning planes is enhanced over the bulk pinning.
For low temperatures we have found a dynamic instabili-
ty where the pinning by twinning planes disappears for
high current densities. In our model we have studied the
lowest-energy configuration of the vortices. At finite
temperatures one has to consider a statistical distribution
of configurations involving also higher energies, leading
to a smearing of the transition at ©.. We have based our
analysis on the theory of collective pinning and have
found good agreement with experiment. It is an open
problem of whether or not single-impurity pinning can
also provide a similarly consistent picture.
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