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Magnetoresistance and plastic dissipation in twinned YBa2Cu3O72d samples

C. Goupil, F. Warmont, M. Hervieu, J. F. Hamet, and Ch. Simon
CRISMAT, 6 Boulevard du Mare´chal Juin, 14050 Caen, France

~Received 23 October 1998!

Using electrical transport measurements, we studied the Ohmic plastic dissipation of twinned YBa2Cu3O72d

samples with the magnetic field aligned along thec axis. The extracted activation energiesU(T,B) were
analyzed in the framework of a magnetically induced pinning by twin planes. Vortex-antivortex interactions
were derived from the magnetic image effect induced by the deformation of the surrounding supercurrents. The
presence of twin planes leads to a crossover from a field-independent activation energy~low fields! to a
B20.5 ln(B) dependence~high fields!. The observation of this two-step response is compared with similar
observations on heavy-ion-irradiated samples.@S0163-1829~99!14425-4#
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INTRODUCTION

Since the unit cell of Y-Ba-Cu-O is slightly orthorhombi
twin planes form easily during the growth process. The ex
electrical nature of these planes is still a subject of discus
and probably strongly sample dependent. Nevertheless,
now well known that such extended defects act as str
pinning centers.1 Many experimental results, magnet
torque,2 magnetization,3 and resistivity4 show a strong in-
crease of the pinning efficiency when the magnetic induct
is aligned with the twin planes. Recently, using scann
tunneling spectroscopy,5 Maggio et al. showed the magnetic
interaction of the twin boundaries and the vortices.

On the other hand, flux pinning by correlated disorder
superconductors has been the subject of inte
investigations6,7 because of its ability to immobilize vortices
reduce dissipation effects, and create high critical curre
At low temperature, such systems are predicted to form
Bose-glass phase below the so-called Bose-glass temper
TBG where vortices localize on the defects. AboveTBG the
system melts into a liquid. Many vortex configurations a
then expected, depending on the value of the applied fi
versus the so-called matching fieldBF.d22F0 , whered is
the average distance between extended defects. If one
sidersd, the average distance between twin planes, the
responding matching field is given byBF

twin.F0 /d2. In the
H-T phase diagram, the Bose-glass lineBBG(T) is a decreas-
ing function of the temperature and is limited by the val
BBG(T)5BF at low temperature. Thus forB>BF

twin , vorti-
ces are expected to be in a liquid state, with short-ra
correlation order. In the limit of vanishing currents, th
phase presents an Ohmic response to transport excita
and allows the extraction of an activation energy,U(T,B)
which reveals the underlying mechanism of the flux-line d
pinning. In order to study these mechanisms, we meas
the dc transport response@R(T) andE(J)# of two samples in
their Ohmic regime.

In the first section, we will present the two studie
samples~one single crystal and one thin film! and describe
the microscopical analysis and the technical aspects of
transport measurements. The second section will be dev
to the experimental results, while the third section will d
PRB 600163-1829/99/60~2!/1418~7!/$15.00
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cuss the observed dependences and consider the intera
of both the twin plane and neighbor vortices. Finally, co
clusions will be drawn.

SAMPLES DESCRIPTION

Single crystal

A single crystal of Y-Ba-Cu-O was grown using th
pseudoflux method.8 The electron diffraction~ED! study was
carried out using a JEOL 200 CX electron microsco
equipped with an eucentric goniometer~660°!. The high-
resolution electron microscopy~HREM! was performed with
a TOPCON 002B electron microscope, having a point re
lution of 1.8 Å. Both microscopes are equipped with energ
dispersive spectroscopy analyzers. More than 50 crystal
were characterized, using ED and HREM. The electron
fraction were carried out in order to reconstitute the recip
cal space and to identify the presence of alien phases suc
the ‘‘green phase,’’ Y2O3 or BaCO3. Every tested crystallite
exhibited the expected cell of Y123 phase, without any e
dence of precipitate, and no departure from the Y123 co
position. The clear splitting of thehk0 reflections in the
@001# ED patterns confirms the orthorhombic distortion
the cell, and the formation of twin domains. In the prese
example, the cross shape of the reflections~see enlargement!
confirm the existence of two systems possessing perpend
lar domains@Fig. 1~a!#. The HREM image@Fig. 1~b!# shows
the nature of the twining boundaries~110! and (11̄0), indi-
cated by large white arrows. Two boundaries,~labeled-1 and
2 in the picture! are spaced by approximately 750 Å which
close to the average value observed over all the studied c
tallites which is'800 Å. Also, our sample possesses aTc
value of 91 K which is close to the optimum for Y-Ba-Cu-
samples. One can note the presence of a third perpendic
twin boundary~labeled tb in the white arrow!. We notice that
most of the imaged twin planes are coherent, without a
strain field or specific defects, giving rise to a uniform co
trast between the boundaries. This highly regular cont
confirms the good oxygenation of this material since oxyg
deficiency generates microstructures and tweed structure9,10

The dimensions of the single crystal used for electrical m
surement was approximately 1 mm31 mm30.5 mm. Four
parallel silver plots were evaporated on the single crystal
gold wires were subsequently glued on using silver pa
The typical contact resistance was on the order of 0.1V.
1418 ©1999 The American Physical Society
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Thin film

The film was grown using the laser-ablated deposit
technique~excimer KrF! on a 3 mm33 mm ~100! MgO sub-
strate. After deposition, the thin-film thickness was 500
The growing conditions and disoxygenation were adjuste
obtain high twin plane density. The@001# ED patterns@Fig.
2~a!# confirm the presence of orthorhombic distortion but t
enlargements show that the splitting is smaller than that
served in the single crystal, often resulting in only an elo
gated shape along@110#* and @11̄0#* planes of the reflec-
tions. This effect is usually indicative of a slightly lowe
oxygen content. As shown in the HREM image@Fig. 2~b!#
the average distance between twin planes is' 350 Å which
is half the value observed for the single crystal. Strong c
trast in the image reveals the width of the twin boundar
~see white arrows! and the presence of important strains
side the structure, which is often the case with high tw
planes density. Of same origin is the relatively lowTc
587 K, which reveals a deficiency of the order parame
due the desoxygenation of the sample.

Four gold plots were sputtered on the film and gold wi
were glued on using silver paste. The typical contact re
tance was of order of 1V. For both samples, electrical tran
port measurements were achieved with an Adret 103A c
rent source and a Keithley 182 nanovoltmeter. The magn
field was perpendicular to theab planes. All theR(T) curves
~Fig. 3! of the single crystal were driven with a current

FIG. 1. ~a! @001# ED pattern of the single crystal. Note the cro
shape of the reflexions attesting to the existence of two system
perpendicular domains.~b! HREM image of the single crystal. Th
white arrows, labeled 1 and 2, indicate the twin boundaries al

~110! and (11̄0). The space between to parallel boundaries is ab
750 Å. A third boundary, perpendicular is labeled~tb!. Crystallo-
graphicb axis are indicated by black arrows.
n
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100 mA to ensure Ohmic response. In the case of the t
film, we recorded isothermalE(J) curves~Fig. 4! and ex-
tracted the Ohmic resistivity from the Ohmic lowest curren
regimes. These regimes, related to the so-called therm
activated flux flow~TAFF!, allowed us to construct theR(T)
curves.

RESULTS

In order to get the activation energy of these Ohmic
gimes, we considered the following TAFF expression:

of

g

ut

FIG. 2. ~a! @001# ED pattern of the thin film. Orthorhombic
distortion is observed but the splitting is smaller than in the case
the single crystal. This effect is usually connected to a lower o
gen content.~b! HREM image of the thin film. White arrows indi-
cate the twin boundaries. The average distance among them
order of 350 Å, the strong contrast in the vicinity of the twin boun
aries reveals important constraints in these regions.

FIG. 3. Single-crystalR(T) results recorded for ten magnetic
fields. From left to right:B50.05, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 6.
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1420 PRB 60GOUPIL, WARMONT, HERVIEU, HAMET, AND SIMON
rTAF5rFF~T,B!expS 2
U~T,B!

kT D . ~1!

One can notice that the flux-flow resistivityrFF is a func-
tion of both the temperature and the applied induction lea
ing to a complicated determination ofU(T,B)5
2kT ln(rTAFF /rFF(T,B)). On the other hand,rFF(T,B) de-
termines the ‘‘zero’’ activation energy of the process, so w
extractedrFF(T,B) from the crossover point of all theR(T)
curves.

For both samples the activation energies present a lin
temperature dependence except near the transition where
observe a slight deviation from linearity at lowerU(T,B)
~Figs. 5 and 6!. This behavior is related to the fluctuatio
mechanisms which dominate all other dissipation sourc
when the temperature approaches theTc of the sample. This
study is far beyond the scope of the present paper and
not be presented here. Following these observations, we
write the activation energy in the form:

U~T,B!5U0~B!F12
T

Tc~B!G , ~2!

FIG. 4. Thin-filmE(J) results recorded atB51 T for nine tem-
peratures. From left to right:T581.5, 80.9, 80.2, 79.5, 79, 78.4
77.9, 77.3, 76.3.

FIG. 5. Activation energiesU(T,B) of the single crystal ex-
tracted from theR(T) measurements. From left to right:B (T)
50.05, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 6.
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whereTc(B) is the characteristic temperature above wh
fluctuation effects dominates.

Using Eq.~2!, we can calculate the magnetic dependen
from the slope of theU(T,B) curves, and in doing so, on
can note the similar behavior of the field dependence
U(T,B) for both the crystal and thin-film samples~Figs. 7
and 8!. We observe two distinct regimes ending at a cro
over fieldBcr , which is of order ofBF

twin for both samples. At
low fields, the activation energy is constant. For high
fields, U(T,B) follows a roughly logarithmic dependenc
which has often been reported previously.11

DISCUSSION

In 1991, Feigel’manet al. proposed a logarithmic field
dependence ofU(T,B) in terms of a dipolar interaction in a
two-dimensional ~2D! vortex-antivortex nucleated loop.12

Using a different approach, Jensen13 and Minhagen14 inter-
preted this effect in terms of renormalization of surroundi
vortices effect. These points will be developed in the follo
ing section.

FIG. 6. Activation energiesU(T,B) of the thin film extracted
from theE(J) measurements. From left to right:B5(T)55, 1, 0.5,
0.1, 0.05, 0.01.

FIG. 7. Magnetic dependenceU0(B) of the activation energy of
the single crystal extracted from theU(T,B) results.
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High-field regime: B>Bcr

Let us first consider the high-field regime (B.Bcr

.BF
twin). One can observe the quasilogarithmic depende

which is a strong signature of a magnetic interaction betw
vortices. More precisely, the zero-order Bessel funct
which describe the radial shape of the induction aroun
vortex, and consequently the vortex-vortex repulsive ene
reduces to a log function for sufficiently high fields, i.e
small intervortex distancesa0.AF0 /B.15 Therefore, one
see that, in both cases,Bcr is much larger than the first pen
etration fieldBc1 . The observed dissipation in this magnet
field regime is then governed by the depinning of vortices
the presence of many surrounding neighbors. On the bas
this assumption, Feigel’man proposed a model where the
sipation was driven by the nucleation of a 2D vorte
antivortex loop. This approach is similar to the description
the motion of a rigid flux line inside a lacunary flux-lin
lattice.12 With correct cutoff radii, the activation energy
then given by

U~T,B!.
F0

2D

16pm0lab
2 lnS 11

a0

jab~T! D , ~3!

whereD is the sample thickness.
Assuming typical values for the parameters@lab(0)

.2000 Å,jab(0).30 Å# and whereD5thickness, of the
sample we get the predicted energy~3!. In Table I we com-
pare the calculated and measured values forB51 T. It is
worth noticing that there is a strong disagreement betw
Feigel’man theoretical predictions and extracted valu
Nevertheless, we must point out that neither the electro

FIG. 8. Magnetic dependenceU0(B) of the activation energy of
the thin film extracted from theU(T,B) results.

TABLE I. Compared results between measured and predic
energies at 1 T, using the Feigel’man model.

U0 ~1 T! Prediction Observation

Thin film 41 500 K 11 000 K
Single crystal 4153106 K 26 000 K
ce
n

n
a
y,

n
of

is-
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anisotropy of the sample nor the presence of twin planes
been taken into account in this description, leading to a la
quantitative disagreement.

Low fields regime: B<Bcr

Let us now consider the low magnetic-field regime (B
,Bcr.BF

twin). The main observation is the absence of ma
netic dependence of the activation energy, leading to
conclusion that vortex-vortex interaction cannot contribute
pinning in this low-field regime. More precisely we haveB
,Bcr.BF

twin so the intervortex spacinga0 is larger than the
average distanced between twin planes. In other words, on
one vortex can take place between two adjacent twin pla
and the vortex-vortex interaction is then screened by the t
planes.

In order to describe in the same model these two regim
we herein propose a description of the depinning mechan
including anisotropy and twin plane effects.

Plastic dissipation in presence of twin planes

The question of the pinning by twin planes is still contr
versial, and both the question of the electrical nature of tw
plane and the problem of the location of the vortex co
inside or outside the twin plane are still unresolved.5,6,7,16,17

At the present time, no precise observation of pinning
twin planes can conclude for one or the other pinning mec
nism. Thus, the interaction between a twin plane and a v
tex can be described in two different ways. In the first ca
there is a condensation energy gain due to the position of
core inside the planes. On the other hand, this situation i
cates that the surrounding supercurrents must flow acros
plane where the order parameter is strongly reduced. Co
quently, the penetration depth inside the twin plane
strongly increased leading to a vanishing of the correspo
ing line tension. Therefore, the pinned flux line is expec
to be less rigid inside the plane than its neighbors outside
defect.

In the second case, the vortex sits nearby the twin pl
and neither the core nor the surrounding currents sit ins
the defect. The pinning is then induced by the magnetic
age attraction due to the deformation of the supercurrent
tribution in the vicinity of the twin plane. One can observ
that by this description, the twin plane is assumed to b
normal region with a vanishing order parameter.5 In other
words, and from a magnetic point of view, the vortices fe
the twin planes as if they were external surfaces of
sample.

From an experimental point of view, no experiments,
pecially the magnetic decoration method18–21 can yield
enough resolution to discriminate whether or not the vor
cores and the pinned flux lines sit inside the twin plan
Nevertheless, observations of accumulation desertion of
tices near twin planes using scanning tunneli
spectroscopy5 or magneto-optical patterns of flu
distribution,22 confirm a dominant presence of surface effe
such as the Bean-Livingston barrier.23

In the following, the vortex-plane interaction will be de
scribed by a magnetic image attraction induced by the
formed supercurrent distribution near the twin plane surf

d
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1422 PRB 60GOUPIL, WARMONT, HERVIEU, HAMET, AND SIMON
~Fig. 9!. At low fields, this mechanism is easily described
a vortex-antivortex structure with a logarithm attractive
polar interaction.

Let us now include the effect of the surrounding flux lin
and the consecutive constraints. The exact description of
problem in the case of a perfect flux-line lattice is a we
known question which has yet been treated.15 In the case of
anisotropic materials, the line energy and line tension
very well approximated by«0.@F0

2/16pm0lab
2 (T)# ln(gk)

and «1(kz).@F0
2/4pm0gab

2 (T)# ln(111/kz jc).
15,24 One can

notice that the long-range interaction between vortices le
to a dispersive~nonlocal! expression of«1(kz) wherekz is
the wave vector of the line deformation along thec axis. In
all cases, this approach leads to a relation between long
dinal l i and transversall' deformations of a flux line in the
presence of neighboring vortices25 ~Fig. 10!:

l i5AC44~kz!

C66
l'.

l'
g

. ~4!

FIG. 9. Schematic description of the magnetic attraction o
vortex by a twin plane. The distortion of the vortex surroundi
supercurrents near the twin plane~solid lines! can be analyzed by a
magnetic image effect where an antivortex~dashed lines! is in mir-
ror with the vortex leading to an vortex-antivortex attraction.

FIG. 10. Schematic description of the twin plane attraction.~a!
B,BF

twin so a0.d: the depinning process is driven by the nuc
ation of a loop with radiil'5d and l i.d/g. ~b! B.BF

twin so a0

,d: the depinning process is also driven by the nucleation o
loop but the presence of neighboring vortices leads tol'5a0 and
l i.a0 /g.
is

re

ds

u-

This expression is of particular importance when deal
with elastic and plastic deformations of vortices because
constraints induced by the presence of the surrounding
tices are summarized in one expression. We must men
that similar expressions have been derived by Kramer, fr
a strong pinning point of view,26 and from superfluid analo
gies by Mathieu Simon and Plac¸ais.27–29

Following our pinning description, the activation energ
of the depinning process is given by the energy barrier th
vortex segmentl i has to overcome to free it from the attra
tive potential induced by the twin plane~Fig. 10!. Thus, the
dipolar interaction is then given by

U~T,B!5
F0

2l i

4pm0lab
2 ~T!

lnS 11
l'
jab

D , ~5!

wherel i is the vortex segment attracted by the twin plane
We can now derive theU(T,B) expression for various

magnetic-field regimes. For low inductions,a0.d and one
vortex resides between two twin planes. Thus, the transve
jumping length of the line reduces tol'.d and consequently
l i.d/g, giving rise to the following equation~Fig. 10!:

U~T,B,BF
twin!.

F0
2d

4pm0glab
2 lnS 11

d

jab
D . ~6!

It should be noted that in this case, the activation energ
field independent.

For high inductions, i.e.,B.BF
twin , we geta0,d and sev-

eral vortices sit between two twin planes. Thus the transv
sal jumping length of the line becomesl'5a0 , and conse-
quently l i.a0 /g, which then leads to the following
equation:

U~T,B.BF
twin!.

F0
2a0

4pm0glab
2 ~T!

lnS 11
a0

jab
D , ~7!

where the magnetic dependence ofU(T,B)}a0 ln(1
1a0 /jab) differs from the single ln(a0) dependence previ
ously described by Feigel’man. Let us mention that su
behavior has also been reported in the case of heavy-
irradiated samples,30 but the columnar defects induce stron
core pinning which strongly differs, in nature, from the ma
netic image attraction induced by twin planes. Consequen
the observed dependence is changed. Nevertheless in
cases, either columnar defects or twin planes, the two len
l i andl' seemed to strongly influence the magnetic respo
of the flux-line lattice.

Following our description, the crossover from the two r
gimes is expected to occur atB.BF

twin . In a more realistic
analysis, the dispersion of the distance between twin pla
should transform this sharp crossover into a smooth o
which is governed by the smallest values of theBF

twin match-
ing field, and is of course related to the largest values od.
We then expect to extract largerd distances from our mea
surements than the average microscopical value.

Using both expressions~6! and ~7!, we considered the
magnetic-field dependence and fit the differentU0(B) plots.
One can notice that the electronic anisotropy and penetra
depth cannot be discriminated in such measurements. Th
fore, we solve this problem by assuming an average e

a

a
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tronic anisotropy for Y-Ba-Cu-O compounds (g.6) which
allows us to extract alab(0) value from our measurement
The results of these calculations are given in Table II. W
notice the excellent agreement between the measured
gies and the fitted curves~Figs. 7 and 8!. The extracted pa-
rameterslab(0) andjab(0) are also in good agreement wi
values previously published.31 From the sample point o
view, the lowest critical temperature coincides with the hig
est in-plane penetration depth, as expected from a redu
superfluid density. On the other hand, the extracted dista
between twin planes are more than twice the observed
croscopical values. At the present time, this fact is not co
pletely understood therefore, further investigations of
twin plane distribution distances must be undertaken. A
the estimatedBF

twin is only a crude approximation of the re
twin-plane density and its corresponding matching fie
Thus, the relation between the microscopical measurem
andBF

twin is only semiquantitative.
In summary, let us say again that the main paramete

the dissipation process appears to be the electrical anisot

TABLE II. Physical parameters resulting from the plastic ana
sis of extractedU(B).

Sample Tc ~K! d ~Å! BF
twin ~T! jab(0) ~Å! lab(0) ~Å!

Thin film 87 770 0.34 25 1930
Single crystal 91 2140 0.044 35 1150
J.
s,

er
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e
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es
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which governs the value of the longitudinal lengthl i ~see
Fig. 10!, and consequently the value ofU0(B). In other
words, the presence of twin planes modifies the pinn
mechanisms but does not modify the intrinsic nature of
vortex structure. Thus, even in presence of extended def
like twin planes, the depinning mechanisms are governed
the two intrinsic characteristic lengthsl i and l' .32

CONCLUSION

We studied two Y-Ba-Cu-O twinned samples with diffe
ent average distance between twin planes. We focused o
Ohmic plastic regime where the vortices are supposed
undergo a liquid state. The extracted activation energ
show a classical linear temperature dependence and a
step magnetic-field dependence. This effect and the value
the energies cannot be explained using the class
Feigel’man 2D model. We derived a plastic description
magnetically pinned vortex by twin planes using a vorte
antivortex attraction by an image effect. This model predi
two regimes separated by a crossover field close to theBF

twin

matching field. These predictions are in good agreement w
the results in terms of magnetic-field dependences and
vation energy values.
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