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Two-dimensional vortex dynamics in decoupled YBa2Cu3O7 ÕPrBa2Cu3O7 superlattices
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Two-dimensional~2D! vortex dynamics is studied in YBa2Cu3O7 /PrBa2Cu3O7 superlattices by measuring
the current-voltage (I -V) characteristics. In the high current limit, the 2D collective creep is observed with an
activation energyU( j )} j 2m, with j the current density. The exponentm is 0.8 at low temperatures andm
50.2 at high temperatures. A dislocation-mediated vortex melting occurs when the temperature is increased. In
the low current limit, the exponential growth of the energy barrier for elastic motion is prohibited by the plastic
deformation of vortices. The observed plateau in the resistive transition is attributed to the possible quantum
tunneling of vortices.
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I. INTRODUCTION

The unusual resistive and magnetic behavior of hi
temperature superconductors has greatly stimulated the
forts to understand the influence of disorder, thermal fluct
tions, and dimensionality on the vortex dynamics in tho
materials.1 The theory of collective vortex creep describ
the thermally assisted motion of vortices in a random pot
tial caused by quenched disorder.2 Central to this model is
the elasticity of the vortex system. Due to the finite values
the compress modulusc11 and the shear modulusc66, when
moving from one metastable position to another one,
vortices have the tendency to jump in bundles with a rad
Rc in order to balance the elastic energy and the ene
related to the Lorentz force. The characteristic energy bar
for activation,U( j ), increases exponentially with decreasi
current becauseRc increases. However, this picture brea
down whenplastic motionof vortices is taken into account.3

For a two-dimensional~2D! vortex lattice~VL !, due to the
finite energy for creation of dislocations or dislocation pai
a plastic motion of vortices is favorable when the elas
energy barrier exceeds a certain threshold. The plastic c
sets a cutoff for the exponential growth ofU( j ). Linear re-
sistivity will persist in the plastic regime and thus there is
real vortex glass in a 2D VL. The plastic motion of vortic
has been studied by a lot of research groups,4 and recently it
was directly observed by Lorentz microscopy in Nb film
with artificially introduced pinning centers.5

At low temperatures,quantum tunnelingof vortices is ex-
pected to replace thermal activation as the dominant diss
tion mechanism.6 Tunneling of vortices has been observed
magnetization and transport measurements,7,8 and it was
shown that the magnetic relaxation rate did not extrapolat
zero whenT50 K.7 A transition from thermally activated to
a temperature independent resistance was observe
Mo43Ge57 ultrathin films and was attributed to the quantu
creep of vortices.8

Plasticity of the vortex lattice and tunneling of vortice
are two possible contributions prohibiting the existence o
vortex glass state, which is important for future applicatio
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In this paper, we report on the vortex dynamics in
YBa2Cu3O7 /PrBa2Cu3O7 ~YBCO/PBCO! superlattice at
different temperatures, magnetic fields, and transport c
rents. We observed a crossover from collective~elastic! creep
to plastic creep of vortices when the elastic limit of the V
was reached. A dislocation-mediated melting of the VL w
observed in the high current limit. And the possibility o
quantum creep of vortices at low temperature is discuss
Our results provide a comprehensive picture for the vor
dynamics within a 2D VL in artificial superconductin
superlattices.

II. EXPERIMENTAL

The c-axis oriented@YBCO(12 Å)/PBCO(144 Å)#25 su-
perlattices were fabricated byin situ magnetron sputtering.9

The x-ray diffraction showed satellite peaks up to the th
order, indicating the high layering quality of the samp
High-resolution transmission electron microscopy revea
the sharp interface between YBCO and PBCO layers.10 The
zero-field transition temperatureTc0 of the sample we re-
ported here was about 31.5 K. The superlattice was ph
lithographically patterned into a strip with a width of 0.1 m
and a length of 1 mm; dcI -V characteristics were recorde
with voltage as a function of current. The resistive transiti
rac(T) was measured by a four-terminal ac locking-in tec
nique with an excitation current of 1mA at a frequency of
17 Hz. Resistivity and current density were calculated w
the total thickness of YBCO layers. The magnetic fie
was generated by a 15-T Oxford superconducting mag
During the measurements, the field was kept perpendic
to the film plane and the temperature stability was be
than 10 mK.

Figure 1 shows representativeI -V characteristics mea
sured at temperatures ranging from 2 to 32 K at an interva
2 K in the magnetic fieldH52 T. EachI -V curve was mea-
sured by averaging individual current and voltage charac
istics four times at each temperature. Two features are cle
visible: ~i! in the high current limit( j .53103 A/cm2), the
I -V curves show a downward curvature at the lowest te
©2003 The American Physical Society19-1
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perature;~ii ! in the low current limit, linear I -V curves were
observed for the whole temperature region. From the lin
parts in theI -V curves, we can extract the linear resistivi
rL which is shown in Fig. 2 together with the measur
rac(T) in the Arrhenius plot. We find thatrL coincides with
rac quite well. In the high-temperature regime, a therma
activated flux flow~TAFF! behavior is clearly visible in Fig.

FIG. 1. SelectedI -V curves at different temperatures rangin
from 2 to 32 K with an interval of 2 K. Inset: temperature depe
dence ofm at H50.5 T ~filled circles! and 2 T ~open circles!,
respectively.

FIG. 2. Temperature dependence ofrac at difference applied
magnetic field. The solid lines are the experimental data. From
to right: H50, 2, 4, 6, 8 T. Fitted circles are data points ofrL

extracted from the linear parts in Fig. 1. Inset: Activation energ
from a TAFF fit torac(T), filled circles are the obtained data, sol
line is a fitting byU5329.5–247.9 lnB.
02451
ar

2. The activation energies are extracted from the linear p
in the Arrhenius plot, and shown in the inset in Fig. 2.
lower temperatures, the resistivity deviates from the TA
behavior and saturates.

III. DISCUSSIONS

It was found by Brunneret al. that 96 Å of PBCO is
enough to decouple the YBCO layers and that Lc of YBCO is
of the order of hundreds Å.11 In our case, due to the larg
PBCO layer thickness (144 Å), the YBCO layers are ess
tially decoupled and consist of only one unit cell (12 Å). F
such a small superconducting layer thickness,Lc will be re-
duced to the thickness of the YBCO layer thickness, the
fore, we can analyze the vortex dynamics in the 2D regim
The following 2D vortex dynamic scenarios can be used
describe the observedI -V characteristics.

It is expected that in a 2D disordered superconductor, c
lective creep of vortices plays an important role in the dis
pation process. The 2D collective creep theory is applica
when the vortex bundle sizeRc5a0(«0d/Upc)(j/2a0)2 is
larger thana0'(F0 /B)1/2, the vortex spacing. Here,«0

5F0
2/16p2l2 is the energy for a pancake vortex per un

length,d the length of the vortex along the field direction,j
the coherence lengthl the penetration depth andUpc
.(gj2d)1/2 the collective pinning energy for a single pa
cake vortex.3,12 Due to a lack of sufficient experimental da
on such a system, an exact estimation ofRc is hard to make.
However, we can still make a rough estimation by using
parameters reported for YBCO films. For a two-dimensio
vortex system,Upc can be expressed asUpc.Tc( j pc / j 0)(1
2t)/Gi

2D , whereGi
2D5Tc /A2«0d is the 2D Ginzburg num-

ber, j pc and j o5cHc/3A6pl being the pancake depinnin
current density and depairing current density, respective1

Substituting the expressions ofUpc andGi
2D to that ofRc ,

we have Rc5a0( j 0 /A2(12t) j pc)(j/2a0)2. With j 0'2
3108 A cm22, j pc'106 A cm22, j'15 Å, anda0.320 Å
for a field of 2 T, we haveRc.10a0.1 Therefore, we will
assume that the 2D collective creep theory is applicable
the system we studied here. When vortices undergo col
tive creep, the current density dependent energy barrie
U( j )}( j / j 0)2m, where j 0 is a characteristic current densit
Within the TAFF approximation, theI -V curves due toU( j )
is2

E5E0e2( j / j 0)2m
. ~1!

Following the methods used by Dekkeret al.,13 we reformu-
late Eq.~1! by taking its logarithm and fitting theI -V curves
with downward curvature to it, with lnE0, j 0

m , and m as
fitting parameters. The exponentm as a function of tempera
ture is shown in the inset in Fig. 1 and changes gradu
from m50.8 to m50.2 as the temperature increase
This result agrees well with the observation of Dekk
et al.14 The m(T) variation is closely related to the bund
size of the vortices, as pointed out by Vinokuret al.,12

depending on the current density, temperature,
magnetic field. For medium-sized vortex bundles@de-
fined by j lb' j c(Rc

3/La0
2)8/15, j , j mb' j c(Rc /L)8/15, where

-
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L5l coth(d/2l)], an exponentm513/16'0.8 is expected.
When j , j lb , the bundle size increases and the exponenm
'0.5. For a constant magnetic field the bundle size isRc
}j2/l2Upc . At temperatures not too close toTc , wherej
andl are nearly constant,Up decreases with increasing tem
perature and therefore,Rc will increase. As a result, the
bundle size changes from medium to large, thus decrea
m value, and explaining the decrease ofm.

As the temperature increases, dislocation-mediated vo
melting occurs when15,16

Ac66a0
2d54pkTm

2D , ~2!

whereA;0.4–0.7 is a parameter due to the renormalizat
of c66 from the defects in the VL and the nonlinear latti
vibration.16 Here, we identify the melting temperatureTm

2D as
the one at which theI -V curves at high currents change fro
positive to negative curvature. We obtainTm

2D512 K for H
52 T. Shear modulusc66 is given by17

c665BF0 /~16pl2m0!. ~3!

Inserting Eq.~3! into Eq. ~2!, with the typical values for
parameters of YBCO, we obtainA'0.43, which agrees wel
with the previously obtained value.4,18

Above the melting temperature, the vortices are in a liq
state pinned by available pinning centers. TheI -V character-
istics can thus be described by the classic Anderson-K
model withE5E0sinh(j/j0).

The collective pinning theory depends critically on t
elasticity of the vortex system. Due to the finite energy
the generation of dislocations or dislocation pairs in a
VL, an infinite energy barrier in the elastic limit is not ex
pected. When the energy barrier reaches the characte
energy for a small dislocation pair, it will be cut off and
crossover from elastic to plastic motion should occur.3 The
motion of dislocation pairs can be well described by TA
with an activation energy nearly independent of the curr
density. Therefore, linearI -V curves are expected in the pla
tic region. As a result, the linear resistivity does not van
and a 2D vortex glassdoes not existat any finite tempera-
ture. This is what we observed in ourI -V curves. When
below a current densityj ;53103 A/cm2, the I -V curves
become linear over more than two orders of magnitude in
current and voltage. The typical energy for a dislocation p
made up of two edge dislocations separated bya0 is3

Ue5
F0

2d

16p3l2~T!
ln~B0 /B!. ~4!

With l'1400 Å, we haveUe'500 K. This value is
roughly consistent with the activation energy we extrac
from the linear parts@the region withr(H,T) between 1 and
90 mVcm] of therac(T) in the Arrhenius plot in Fig. 2. The
explanation based on plastic motion mediated by the gen
tion of dislocation pairs is further supported by the lnB d
pendence of the activation energies as shown in the ins
Fig. 2. Such a lnB dependence of activation energy has b
previously reported by several groups.11,19 It is noticed that
there is an upward curvature at around 3 T, which co
02451
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possibly be due to the increased interaction between vort
when the field is increased. So, we conclude that in the
current limit, the dissipation is governed by plastic motion
dislocation in the 2D VL.

The above picture is consistent with Monte Carlo simu
tions of the VL subject to random disorders under a drivi
force.20 It is found that at large driving force, the vorte
motion is elastic. As the driving force decreases, the VL
comes defective and the dissipation is dominated by pla
motion.

Measurements performed in ultrathin YBCO films r
ported I -V curves with upward curvature, while the gla
correlation lengthjVG diverged atT50 K.14 The authors
concluded that a 2D vortex glass could not exist at any te
perature. This is consistent with our results. However, in
case, we observed, in addition, a crossover from downw
to upward curvatures. This discrepancy may be due to
different length scale involved in the experiments. It is w
known that from a topological point of view, by applying
current densityj, a vortex pair of a characteristic sizeL j

5(ckT/ j F0)1/2 is excited.21 The current probes the vorte
dynamics on a length scale ofL j . With j ;53103 A/cm2,
T;10 K, we obtainL j;1000 Å,Rc . It is possible that we
are probing the collective creep behavior in the high curr
limit at low temperature. In the case of YBCO ultrathin film
the length scale was probably larger thanRc and thus, liq-
uidlike behavior was detected.

As shown in Fig. 2, the resistivity gradually deviates fro
the activated behavior belowT'10 K and levels off toward
a constant value.22 The resistivity atT,10 K increases with
increasing magnetic field. To explain such a plateau wit
the framework of TAFF requires an activation energyU0
which increases linearly withT, i.e., U0}aT. We are not
aware of any mechanism that provides such a kind of a
vation energy. We noted that similar resistive plateau in
r-T curves was observed by Ephronet al. in Mo43Ge57 thin
films.8

Generally, it is believed that quantum tunneling domina
the dissipation at temperatures below several Kelvin and
the resistivity from a quantum creep is nearly independen
temperature.23–27We are unable to explain why quantum tu
neling is observed at such a high temperature where the t
mal energy of vortices is quite high. One possibility is a lar
normal resistivityrn and a small coherence lengthj. The
tunneling rateg is determined by the effective Euclidea
action SE

e f f for the tunneling process,g}exp(2SE
ef f/\), and

SE
e f f/\ in turn is proportional to (\/e2)jc /rn .23 Therefore,

tunneling is favored by a small coherence lengthjc and a
large normal state resistivityrn . It was mentioned by Blatter
and Geshkenbein24 that superconductors withrn /jc
*1 kV are good candidates for the observation of quant
creeep. In our case, withrn;400 mV cm andj(c);3 Å,
our sample would have arn /jc value of 10 kV. Ephron
et al.8 reported that they were only able to observe suc
plateau in thin films with large sheet resistance, which
consistent with the theoretical consideration.

The predictions about the temperatureT0 at which the
dissipation shows a crossover from thermally activated t
9-3



o
,

in

r
fo

ing
ses,
ing
ur

ow
the
is
an

n-
at

l
is-
or
res
n-
L

lent
ian
-

d

.

C
,

et

i,

d

o

-

s.

-

an,

r-

.

ev.

ev.
t.

in

e
im

QIU, CHEN, ZHAO, MOSHCHALKOV, AND BRUYNSERAEDE PHYSICAL REVIEW B68, 024519 ~2003!
quantum tunneling range from hundreds of mK to tens
Kelvin. Ivlev et al.25 showed that, for the YBCO compound
a crossover from thermally activated to quantum tunnel
dissipation happens atT0'50(j c2 j )1/2/ j c

1/2 K. Meanwhile,
Stephen26 found thatT0'2 K. Experimentally, a crossove
temperature ranging from 3.5 K to 10 K was reported
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found a suppression of the tunneling rate for increas
fields. In this case the interaction between vortices increa
the viscosity grows and more vortices are participat
in a single tunneling event. This is consistent with o
observations.

IV. CONCLUSION

Our main conclusions are summarized in Fig. 3 and sh
that the vortex dynamics is essentially dependent on
length scale. In the high current limit, 2D collective creep
observed which is elastic in nature and characterized by
energy barrier with an exponential growth with current de
sity. The 2D VL undergoes a dislocation mediated melting
a temperatureTm

2D . In the low current limit, the exponentia
growth of energy barrier is cut off by the generation of d
location pairs in the VL and their subsequent motion
quantum tunneling. The linear resistivity at low temperatu
(&10 K) is possibly governed by quantum tunneling of pa
cake vortices. With increasing Lorentz force, the driven V
recovers its elasticity at high current densities.
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