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Characterization of pinning and vortex motion in thin superconducting microbridges
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We show that transport measurements carried out with and without a low applied magnetic field enable one
to characterize the vortex dynamics in high-Tc superconducting films. The application of a low magnetic field
induces a modulation of the critical current that depends on the process involved when the vortices are set in
motion. Current-voltage measurements with no applied field yield information on the pinning energy, the
pinning sites density, and the way the vortices are moving. Measurements carried out on a set of YBa2Cu3O7

microbridges show that the vortex dynamics depend primarily on the pinning sites density. This quantity
proves to be strongly dependent on the thickness of the superconducting film.
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I. INTRODUCTION

The most popular parameters used to characterize
physics of the vortices in high-Tc superconducting films are
the pinning energy and the pinning constant~or Labusch
parameter!. The determination of the pinning energy h
been essentially carried out with three different techniqu
measurement of the resistivity as a function of the app
magnetic field in the thermally activated flux flow~TAFF!
regime,1–4 ac magnetic susceptibility measurements,5–7 and
measurements of the current-voltage characteristics8–10

However, these techniques yield results that can be very
ferent for the same type of sample, which means that the
not address the same physical phenomenon. The large
ning energy measured in the TAFF regime is probably link
to plastic deformations in the vortex lattice,6,11 while the
smaller quantity determined from the current-voltage char
teristics and the susceptibility measurements most lik
characterizes the pinning of individual vortices.10 The deter-
mination of the pinning constant has been extensively inv
tigated for different types of superconducting materials,
tably the bismuth phases and YBa2Cu3O7 ~YBCO!.
Ceramics, thick films, thin films, and single crystals we
investigated with various measurement methods such
vibrating reed technique,12 surface impedance
measurements,13,14 or inductive methods.15 Transport mea-
surements under high magnetic fields on YBCO films ha
also been used to determine the Labusch parameter from
force-displacement response.16,17 In contrast to the results o
the pinning energy, all these techniques have gener
yielded similar results for the same material.

In this paper we show that important additional inform
tion on the individual pinning and the motion of the vortic
can be obtained from transport measurements carried ou
microbridges with and without an applied field. Section
deals with the modulation of the critical current by a lo
magnetic field. This field induces a screening current a
creates a vortex lattice in the microbridge that cause the c
cal current modulation. We show that the measuremen
this quantity enables one to get pertinent information on
PRB 620163-1829/2000/62~22!/15162~10!/$15.00
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process that sets the vortices in motion. Furthermore, we
determine the penetration depth and, in some cases, the
perconducting thickness of the microbridge. This last qu
tity can be different from the physically deposited thickne
because of interface effects or if corrosive agents have
graded the film. In Sec. III we propose a model for t
current-voltage characteristics of the microbridges measu
with no applied field in the flux creep regime. As a distin
tive feature this model assumes that the motion of the vo
ces is due to a diffusion process. Then, we determine
pinning energy and the jump width of the vortices as well
the transition current from the flux creep to the flux flo
regime. Furthermore, we determine the Labusch paramet
the temperature range in which the vortex motion occurs
that of straight vortices. The measurements described
Secs. II and III were carried out on a set of YBa2Cu3O7
microbridges. The results are reported in Sec. IV and d
cussed in Sec. V.

II. MODULATION OF THE CRITICAL CURRENT
BY A MAGNETIC FIELD

Let us consider a superconducting thin-film microbrid
with lengthL, width w, deposited thicknessd, superconduct-
ing thicknessd* , and a uniform magnetic fieldB applied
perpendicular to the microbridge plane~see Fig. 1!. Accord-
ing to magneto-optical observations of the flux penetration
superconducting thin-film disks, squares, or strips,18,19 and
Hall probe measurements,19–21 if the flux penetration is in-
complete, the flux enters the peripheral part of the sam

FIG. 1. Schema of a microbridge.
15 162 ©2000 The American Physical Society
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PRB 62 15 163CHARACTERIZATION OF PINNING AND VORTEX . . .
only, while the central region is shielded by the screen
current. If the bias current flows in the sample, a nonz
voltage is measured at the terminals of the microbridge w
the vortex lattice is set in motion. This requires that vortic
run across the area previously free of vortices. It is reas
able to assume that these vortices enter this area eithe
vortex nucleation or by vortex depinning. Then, the critic
current is equal to the bias current amplitude required for
relevant process. In this section, we estimate the critical
rent modulation,DI cr(B), for both processes.

A. Contribution of the screening current

Let us suppose that fieldB is applied with no vortex in the
superconductor. Then, a screening current with current d
sity Jsc flows in the sample~see Fig. 2!. From the London
relation, along the edges of the microbridge we have~see
Fig. 1 for the axes orientation!

B5m0l2
]Jsc

]y
with

]Jsc

]y
'

Jsc
0

l
~1a!

and

Bsf5m0l2
]Jb

]y
, with U]Jb

]y U' Jb
0

l
. ~1b!

In Eqs. ~1a! and ~1b!, l is the penetration depth in the m
crobridge plane,Jsc

0 and Jb
0 are the absolute values of th

local screening and bias current density, respectively, andBsf
is the z component of the bias current self-field. From Eq
~1a! and ~1b!, the following equations can be derived:

B5m0lJsc
~0! ~2a!

and

uBsfu5m0lJb
0. ~2b!

1. Vortex nucleation

Let us consider the edge along which the bias and scr
ing current densities add up~see Fig. 2!. Vortex nucleation
takes place when the total field along this edge is equal
threshold value. The magnitude of the threshold depend
the type of barrier impeding the entry of the vortices22–26

and, as pointed out by Likharev27 and Aranson, Gitterman
and Shapiro,28 the entry of the vortices is not necessar
coherent. However, in any case, the vortex nucleation co
tion can be written as

Bcr05Bcr11B, ~3!

FIG. 2. Schema of the bias (Jb) and screening current (Jsc)
lines, when magnetic fieldB is applied with no vortex lattice in the
microbridge but with a vortex pinned along the nucleating edge
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whereBcr0 and Bcr1 are the nucleation self-fields forB50
and BÞ0, respectively. From Eqs.~2a! and ~2b!, Eq. ~3!
takes the form

Jcr0
0 5Jcr1

0 1Jsc
0 , ~4!

whereJcr0
0 andJcr1

0 are the critical current densities along th
nucleating edge forB50 and BÞ0, respectively.DI cr1 is
defined as the critical current modulation due to the scre
ing current. This quantity is equal to the change in the b
current that would cause an increase in the bias current
sity equal toJsc

0 along the nucleating edge. LetDJb(y) be the
corresponding bias current density change. We consider
thin films with d!l, then we can write

DI cr15d* E
2w/2

w/2

DJbdy. ~5!

Jb and DJb are Meissner current densities since no vor
has entered the film. Furthermore, in the cases we deal
we havew@l, then we assume thatDJb can be written as

DJb5Jsc
0 @e2@~w/21y!/l#1e2@~w/22y!/l##

52Jsc
0 e2w/2l coshS y

l D . ~6!

From Eqs.~2a!, ~5!, and~6!, DI cr1 takes the form

DI cr15I cr02I cr1'2Jsc
0 d* l5

2Bd*

m0
, ~7!

whereI cr0 andI cr1 are the critical current values without an
with applied field, respectively.

2. Vortex depinning

Along the nucleating edge of the microbridge, accordi
to the same reasoning as in the case of the nucleation
cess, the vortex depinning condition can be written as

Fcr05Fcr11Fsc, ~8!

whereFcr0 and Fcr1 are the Lorentz forces due to the bia
current forB50 andBÞ0, respectively, andFsc is the Lor-
entz force due to the screening current. Equation~8! takes
the form

Jcr0
0 f05Jcr1

0 f01Jsc
0 f0 , ~9!

wheref0 is the flux quantum. Equation~9! is equivalent to
Eq. ~4!. Then, Eq.~7! gives the critical current modulation
An identical result was obtained from the vortex diffusio
model in Ref. 9. We observe that it is not possible, accord
to these results, to discriminate the nucleation process f
the depinning process. However, the model is not compl
since it does not account for the effect of the vortex latt
that has possibly entered the microbridge.

B. Contribution of the vortex lattice and determination
of DI cr„B…

When vortices have entered the sample, the screening
rent does not collapse but flows around the area free
vortices22,23 ~see Fig. 3!. As a consequence, we shall assum
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15 164 PRB 62PANNETIER, LECOEUR, BERNSTEIN, DOAN, AND HAMET
in what follows thatDI cr1 accounts for the effect of the
screening current upon the total critical current modulatio

1. Vortex nucleation

By analogy with the previous section we assume tha
vortex is nucleated in the area free of vortices if the to
field along the border with the area entered by the vortice
equal to a threshold value. This condition can be written

Bcr15Bcr1Bv . ~10!

In Eq. ~10!, Bcr is the nucleation self-field andBv is the field
due to the vortex lattice. For the sake of simplicity, we w
assume a square array for the vortex lattice with a perio

a5Af0 /B. ~11!

The nucleated vortex is most probably located at the end
vortex row.Bv can be written as29

Bv5
f0

2pl2 (
k

K0S r k

l D . ~12!

In Eq. ~12!, K0 is the modified Bessel function of zero orde
r k is the distance between vortexk and the nucleated vortex
and the sum is extended to all the vortices in the latti
Then, using Eq.~2b!, the nucleation condition@Eq. ~10!#
takes the form

m0lJcr15m0lJcr1
f0

2pl2 (
k

K0S r k

l D , ~13!

whereJcr is the nucleation current density. Since in the a
entered by the vortices the current distribution is assume
be uniform,22,30 we can write

Jcr1'
I cr1

wd*
,

Jcr'
I cr

wd*
. ~14!

Then, the total critical current modulation takes the form

DI cr5I cr02I cr5
2d* B

m0
1

f0wd*

2pm0l3 (
k

K0S r k

l D , ~15!

whereI cr is the critical current when fieldB is applied.

2. Vortex depinning

A vortex located at the border of the area penetrated
the vortex lattice is pushed forward into the area free
vortices by the Lorentz forces due to the bias and scree

FIG. 3. Schema of the bias (Jb) and screening current (Jsc)
lines, when the vortex lattice has entered part of the microbridg
.
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currents and the force exerted by the other vortices. T
depinning condition takes the form

Fcr15Fcr1Fv , ~16!

whereFv is the force exerted by the other vortices andFcr is
the force due to the bias current. If we assume that the
ning sites are randomly distributed and that, because of t
mal activation, the individual vortices can jump from on
pinning site to the other one, then the lattice is not regu
As a result,Fv is probably due, for the most part, to th
vortices of the same row. Furthermore, distancea in Eq. ~11!
is not the actual but the average distance between two v
ces. Although a fluctuation in the distance between any p
of vortices in the row is possible, the contribution toFv of
the nearest neighbor is dominant. As a result, depinnin
made easier if the actual distance between the vortex loc
at the border and this neighbor is equal to (a2h), with h
>0. Then, instead of its classical expression~see Ref. 29!,
Fv can be written as

Fv5
f0

2

2pm0l3 (
k

K1S ka2h

l D . ~17!

In Eq. ~17!, K1 is the modified Bessel function of first orde
and the sum is extended to all the vortices in the row. A
result, Eq.~16! takes the form

Jcr15Jcr1
f0

2pm0l3 (
k

K1S ka2h

l D ~18!

and, from Eqs.~14! and~18!, the critical current modulation
can be written as

DI cr5I cr02I cr5
2d* B

m0
1

f0wd*

2pm0l3 (
k

K1S ka2h

l D .

~19!

We have obtained two different expressions forDI cr , which
depend on the process involved when the vortex lattice is
in motion. As a result, fromDI cr(B) measurements it is pos
sible to determine which process is relevant.

III. CHARACTERIZATION OF THE VORTEX MOTION

A. Pinning energy and jump width

When vortices are in motion, the amplitude of the voltag
Vb , induced at the microbridge terminals, is written as

Vb5nLvLf0 . ~20!

In Eq. ~20!, n is the surface vortex density andvL is the
vortex velocity. The vortices nucleated by the self-field sh
a concentration gradient in contrast to the uniform distrib
tion generated by an externally applied uniform magne
field. As a result, we assume that their motion is due to
diffusion process and describe it with a mean-field mod9

Then, the vortex density due to the self-field along the ed
of the microbridge can be determined. We obtain

nS w

2 D5
m0@ I b2I cr0#

2f0d*
for I b.I cr0

and

.
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nS w

2 D50 for I b<I cr0. ~21!

In the flux creep regime, assuming that pinning is individu
with a single pinning energyEp , the vortex velocity can be
written as31

vL52v0de2Ep /kBT sinhS W

kBTD . ~22!

In Eq. ~22!, v0 is the thermal activation attempt frequency,d
is the jump width, andW is the work carried out by the
Lorentz force when a vortex is extracted from a pinning s
Since we consider individual vortices, we use the Heisenb
relation to estimatev0 (v0'1013s21). W can be written as

W5Jbd* df0'
I b

w
df0 . ~23!

Vb takes the form

Vb5Fm0Lv0d exp~2Ep /kBT!

d* G@ I b2I cr0#

3sinhF I b

S wkBT

df0
D G for I b.I cr0

and

Vb50 for I b<I cr0. ~24!

As a result, at each temperature,Ep andd can be determined
by fitting the measured current-voltage characteristics w
Eq. ~24!.

B. Transition current from the flux creep to the flux flow
regime and Labusch parameter

Transition from the flux creep to the flux flow regim
occurs when the Lorentz forceFL , due to the bias current, i
equal to the maximum value of the pinning ener

TABLE I. Width ~w!, length~L!, deposited YBCO thickness~d!,
and critical temperature (Tc) of the investigated microbridges. Mi
crobridgesS1A andS1B were patterned from the same sample b
have dimensions different from each other.

Microbridge w ~mm! L ~mm! d ~nm! Tc ~K!

S1A 13 18.5 4065 88.860.1
S1B 23 36 4065 88.760.1
S2 13 18.5 2065 88.460.1
S3 13 18.5 ,20 83.760.2
S4 13 18.5 1065 8660.1
l

.
rg

h

gradient.32 According to Brandt,33,34 EP is an elastic energy
and the jump width is either the vortex spacing, or the se
ration of the pins, or the pinning range. We assume that
vortices jump from one pinning site to another and that
pinning range is the same as the separation of the pinn
sites. Then,d is a measurement of the pinning sites dens
We can write

FL5JTf0d* 52
Ep

d
, ~25!

where JT is the transition current density. As a result, t
transition currentI T is written as

I T'
2Epw

df0
. ~26!

Furthermore, if the vortex motion can be described as tha
straight vortices, the pinning energy takes the form

EP5 1
2 aLd* d2, ~27!

and the Labusch parameteraL can be computed fromEP and
d.

IV. EXPERIMENTAL RESULTS

A. Samples

We report measurements carried out on thin-film mic
bridges. The superconducting layers of the samples w
c-axis-oriented YBCO films deposited by laser ablation
an LaAlO3 substrate. Each sample was capped with a 20-n
thick La4BaCu5O13 overlayer and a gold layer to facilitat

FIG. 4. Plot of the experimental critical current modulatio
DI cr(B) measured on microbridgeS2 atT582 K ~full squares! and
best fit obtained with Eq.~15! ~solid line!. The inset shows the
value of the fitting parameters,d* andl ~superconducting thicknes
and superconducting penetration depth, respectively!.

t

TABLE II. Superconducting thickness (d* ) and penetration depth~l! obtained for microbridgeS2 from
the best fits ofDI cr(B) with Eq. ~15!.

T ~K! 75 77 80 82 84 86 87

d* ~nm! 2067 13.861.9 34618 16.562.4 2066 20625 14625
l ~nm! 3636170 2546105 6346372 372676 5446168 84261340 92462200
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15 166 PRB 62PANNETIER, LECOEUR, BERNSTEIN, DOAN, AND HAMET
contact. La4BaCu5O13 is a conductive oxide the properties
which were described elsewhere.35 The gold layer was thin
enough to have no sensible effect on the measurements
samples were patterned as microbridges by conventi
photolithography and chemical etching. The dimensio
thickness, and critical temperature of the microbridges
reported in Table I. We point out that since the critical cu
rent increases dramatically as temperature decreases
measurements could be carried out in a limited range of t
perature belowTc only.

B. Measurements of the critical current modulation

1. Measurements and fitting procedures

We have measuredDI cr(B) as a function of temperatur
on microbridgesS1A, S1B, S2, andS3. At a given tempera-
ture, the measurements were performed for eight value
the applied field ranging from 0 to 114 G. Then, for ea
value of the magnetic field, the critical current was estima
with the 1-mV criterion, andDI cr(B) was determined. Con
trary to the results reported by Gaevskiet al.,30 who could
trace a dependence ofJcr vs B only aboveB'200 G when
measuring YBCO strips, the obtainedDI cr(B) values were
not negligible as compared toI cro at the same temperature
TheDI cr(B) values were fitted with Eqs.~15! and~19!. Only
the terms corresponding to the three vortices in the lat
nearest the nucleation site were included in the sum of
~15!, and only those corresponding to the two first vortices
the row were included in the sum of Eq.~19!. As usual, each

FIG. 5. Plot of the experimental critical current modulatio
DI cr(B) measured on microbridgeS1A at T582 K ~full squares!
and best fit obtained with Eq.~19! ~solid line!. The inset shows the
value of the fitting parametersl andh ~superconducting penetratio
depth and fluctuation in the distance between the vortex entering
vortex free area and its nearest neighbor, respectively!.
he
al
,

re
-
the
-

of

d

e
q.
n

fitting session was initialized by setting the fitting paramet
in the range of the expected values. The fitting parame
were d* and l when the fitting procedure was carried o
with Eq. ~15!. Then, a good fit could be obtained easily
most cases, as shown in Fig. 4. Table II shows the value
the fitting parameters obtained forS2 as a function of tem-
perature. We observe that the determination of the fitt
parameters lacks accuracy at high temperature. This is
true for the other microbridges.

In order to obtain unequivocal results, one of the thr
parameters~d* , l, or h! was fixed when fitting with Eq.~19!.
In the case ofS1A, S1B, and S2, d* was set equal tod.
Consequently, the superconducting thickness of these mi
bridges could not be obtained from this fitting procedure.
the case of microbridgeS3, since in the whole temperatur
range of the measurements the current-voltage character
are typical of the flux flow regime~see below!, h was set
equal to zero and a value could be determined ford* . Again,
in most cases, a good fit could be obtained easily~see Fig. 5
for an example!. As a general rule,l is determined with a
better accuracy when fitting with Eq.~19! than when fitting
with Eq. ~15! ~for an example, compare the results in Tab
II with those in Table III!.

2. Results

Table IV shows the superconducting thickness of the
vestigated microbridges obtained using Eq.~15! for S1A,
S1B, andS2, and using, in turn, Eqs.~15! and ~19! for S3.

Thed* values obtained forS1A andS1B with the fitting
procedure using Eq.~15! show a large discrepancy with th
value of the deposited thickness. On the contrary, thed*
value obtained forS2 is very near the deposited thicknes
For S3, Eqs.~15! and ~19! yield a quasi-identicald* value
that lies in the expected range of magnitude. In summary,
vortex nucleation model does not bring consistent result
the case ofS1A andS1B. Then, it is not possible to estimat
the superconducting thickness of these microbridges. H
ever, the nucleation model brings consistentd* values for

he

TABLE IV. Deposited thickness~d! and superconducting thick
ness (d* ) of the investigated microbridges obtained with the fittin
procedures using either Eq.~15! or Eq. ~19!. The d* values are
averaged over the temperature range of the measurements.

Microbridge d ~nm!
d* ~nm!
Eq. ~15!

d* ~nm!
Eq. ~19!

S1A 40 74613
S1B 40 1896100
S2 20 2067
S3 ,20 6.561.4 6.361.5
rtex
TABLE III. Penetration depth~l! and fluctuation in the distance between the vortex entering the vo
free area and its nearest neighbor~h! obtained for microbridgeS2 from the best fits ofDI cr(B) with Eq. ~19!
~no reliable fitting parameters could be obtained atT577 K!.

T ~K! 75 77 80 82 84 86 87

l ~nm! 46169 53863 551611 52466 820680 21176553
h ~nm! 158640 198627 98612 60625 0 0
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PRB 62 15 167CHARACTERIZATION OF PINNING AND VORTEX . . .
S2, as do the nucleation and the depinning models forS3.
Thel(T) values obtained forS1B using Eq.~19! ~assum-

ing d5d* ! and those obtained forS2 with both fitting pro-
cedures are plotted in Figs. 6 and 7, respectively. Since
YBCO layer of our samples isc-axis oriented,l is the pen-
etration depth in the~a, b! plane of the perovskite structure
In the case ofS2 thel(T) values obtained using both fittin
procedures lie in a close range and can be fitted using
two-fluid model. This is also the case of the values obtain
for S1B with Eq. ~19!. MicrobridgesS1A andS3 behave as
S1B and S2, respectively. Table V showsl~0! as obtained
using the two-fluid model and thel(T) values computed
with Eq. ~19! @and Eq.~15! in the case ofS2#.36

As expected bothl~0! values computed forS2 lie in a
close range. Otherwise, the values in Table V are very s
lar and are in the range of the values obtained by surf
impedance measurements at microwave frequencies
thicker films.37–39 The determination ofd* andl(T) shows
that the nucleation model is relevant forS2 andS3 but not
for S1A andS1B. Furthermore, the depinning model prov
relevant for all the microbridges. Then, it is possible to ma
a reliable estimation ofh(T).

The h(T) values obtained from the fits with Eq.~19! are
plotted in Fig. 8 forS1A, S1B, andS2 ~assumingd5d* for
S1A andS1B!. As a predictable result of thermal activatio
h decreases as temperature increases and goes to zero
vicinity of Tc . The current-voltage characteristics measu
at zero applied field onS1A, S1B, andS2 in the tempera-
ture range whereh is found equal to zero show a large line

FIG. 7. Penetration depthl(T) computed for sampleS2 with
the fitting procedures using Eq.~15! ~open squares! and Eq.~19!
~full squares!. The solid line is a fit using the two-fluid model of th
values obtained with Eq.~19!.

FIG. 6. Penetration depthl(T) computed for sampleS1B with
the fitting procedure using Eq.~19!. The solid line is a fit of these
values using the two-fluid model.
he

he
d
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ce
on

e
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part as do those measured onS3. For the sake of compariso
the current-voltage characteristics measured~i! on S1B at 88
K (h50), and 87 K (h586 nm) and~ii ! on S3 at 78 K are
reported in Figs. 9~a!–9~c!, respectively. Current-voltage
curves with the same features as in Figs. 9~a! and 9~c! cor-
respond to microbridges driven in the flux flow regime.40 We
observe that, at a sufficiently high temperature, all the mic
bridges can be driven in this regime.

C. Measurements without applied field

The current-voltage characteristics of microbridgesS1A,
S2, S3, and S4 were measured with no applied magne
field according to the conventional four-point method usin
1-kHz alternating current. In the case ofS1A andS4, d* was
set equal tod.

1. Pinning energy

Figure 10 shows the pinning energy of the microbridg
as a function of the reduced temperature,T/Tc . TheEp val-
ues forS2, S3, andS4 lie almost on the same curve and a
larger than the values computed forS1A at the same reduce
temperature.

2. Jump width

Figure 11 shows the value of the jump width of the m
crobridges as a function ofT/Tc . As a general rule, the
thinner the sample, the larger the jump width. In particul
thed values forS3 andS4 are more than one order of mag
nitude larger than forS1A. This suggests that, although th
pinning energy ofS1A is lower than that of the othe
samples, pinning is much more effective inS1A than it is in

FIG. 8. Fluctuationh(T) in the distance between the vorte
entering the vortex free area and its nearest neighbor, determ
for microbridgesS1A, S1B, andS2 with the fitting procedure us-
ing Eq. ~19!. The solid lines are guides for the eye only.

TABLE V. Penetration depth atT50 K @l~0!# in microbridges
S1A, S1B, andS2. l~0! is computed using the two-fluid model an
the l(T) values obtained using either the nucleation model@Eq.
~15!# or the depinning model@Eq. ~19!#.

Microbridge
S1A

Eq. ~19!
S1B

Eq. ~19!
S2

Eq. ~19!
S2

Eq. ~15!

l~0! ~nm! 232625 202610 225622 251640



o

o-

r of
.
r re-

e

ed

e

sky

e
o-

a
be

ar-

an-

.

ea

ow

s

a

riven

15 168 PRB 62PANNETIER, LECOEUR, BERNSTEIN, DOAN, AND HAMET
the other microbridges. This is supported by the very narr
temperature range belowTc in which S1A can be driven
in the flux flow regime with no thermal runaway~see
Table VI!.

FIG. 9. Current-voltage characteristic at zero applied field m
sured on~a! microbridgeS1B at T588 K, ~b! microbridgeS1B at
87 K, and~c! microbridgeS3 at T578 K. The transition current
(I T) is measured at the intersection of the extrapolated flux fl
branch with the current axis, as shown in~c!.

FIG. 10. Pinning energy (Ep) of the investigated microbridge
as a function of the reduced temperature (T/Tc).
w

3. Labusch parameter

The aL values computed for the investigated micr
bridges according to Eq.~27! and the values obtained from
surface impedance measurements on a large numbe
YBCO films by Golosovskyet al.14 are reported in Fig. 12
We observe a strong disagreement between some of ou
sults and the values of Golosovskyet al.We have reported in
Fig. 12 two vertical lines, the solid line forS3 andS4 and
the dashed line forS2. In each case, the line divides th
figure in two zones whered.2d andd,2d, respectively. In
the case ofS3 andS4, the agreement between the comput
and the values of Golosovskyet al. is good in the zone
whered.2d and bad in the other zone. In the case ofS2, the
zone whered.2d is very narrow. However, in this zone, w
observe that the values computed forS2, S3, andS4 lie in a
close range and are consistent with the values of Golosov
et al. at a lower temperature. In the case ofS1A, there is no
temperature range whered.2d, and, at any temperature, th
computedaL values are much larger than the values of G
losovskyet al.

4. Transition current from the flux creep to the flux flow regime

In the flux flow regime,Vb takes the form

Vb5RD~ I b2I T!, ~28!

whereRD is the dynamic resistance of the microbridge. As
result, the experimental value of the transition current can
determined from the linear part of the current-voltage ch
acteristics@see Fig. 9~c!#. In Fig. 13, the experimentalI T
values measured onS2, S3, and S4 are compared to the
values obtained with Eq.~26! ~S1A can be driven in the flux
flow regime in a temperature range too narrow to give me
ingful results!. A good agreement between both values ofI T
is found for all the samples in a large temperature range

-

FIG. 11. Jump width~d! of the investigated microbridges as
function of the reduced temperature (T/Tc).

TABLE VI. Temperature range belowTc in which the current-
voltage characteristics measured on the microbridges can be d
in the flux flow regime with no thermal runaway.

Microbridge S1A S2 S3 S4

DTc ~K! 2.5 6.5 21 15
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V. DISCUSSION

A. Demagnetizing effects

The model detailed in Sec. II does not take into acco
the effect of the demagnetizing field~see the Appendix!.
However, the values obtained forl~0! are in agreement with
those determined by surface impedance measurements.
thermore, the model has yielded consistentd* values in the
case of the thinnest microbridges~S2 andS3!. The reason
that the demagnetizing field can be discarded is not cl
However, we can remark that since a microbridge is a v
small object included in a much larger superconducting
sembly, its demagnetizing field factor is certainly differe
from that of the isolated and much wider rectangular str
generally investigated by other authors.19,21,30,41

B. Vortex pinning

The results obtained when measuringDI cr(B) on S1A
and S1B give identical conclusions. This shows that t
width of the microbridges has no effect on vortex pinning
least for the microbridges whose width is in the 10-mm
range. Otherwise, the vortex depinning model is relevant
all the microbridges. However, consistent results have a
been obtained with the nucleation model in the case ofS2
andS3. This suggests that nucleation competes with dep
ning in the case of the very thin microbridges because p
ning is less important in these films than in thick films. Fro
studies on YBa2Cu3O7/PrBa2(Cu12xGax)3O7 super-
lattices42,43 Contour and co-workers have shown that str
relaxation occurs during the growth of YBCO films above
critical thicknessdc'10 nm. Then, it is reasonable to infe
that there are much fewer pinning sites in films withd<dc
than in thick films because most of the pinning defects~dis-
locations or twin boundaries! are generated by the stress r
laxation. This conclusion is consistent with the large value
the jump width of the microbridges whose thickness is in
range ofdc ~S3 andS4! with respect to that of the thicke
samples~S2 andS1A!.

C. Vortex motion

The aL values computed for our samples are in a go
agreement with the values of Golosovskyet al. in the tem-

FIG. 12. Plot of the Labusch parameter@aL(T/Tc)# as com-
puted for the investigated microbridges according to Eq.~27! and as
obtained from surface impedance measurements by Goloso
et al. ~Ref. 14!. The solid line~the dash line! shows the separation
for S3 andS4 (S2) between the zones whered,2d andd.2d.
t

ur-

r.
y
s-
t
s

t

r
o

-
-

s

f
e

d

perature range in which the jump width is much larger th
the thickness of the YBCO film. The disagreement betwe
the computed values and the values of Golosovskyet al.out-
side this range can be attributed to the fact that the stra
vortex description is valid only if the YBCO film is thinne
than a characteristic lengthl c . In the opposite case, vorte
motion occurs either by deformation of the vortex lines,
described by the Larkin and Ovchinnikov model~LO
model!,44,45 or according to Schalket al.,10 by the motion of
pancake vortices. This inference is supported by the str
disagreement between theaL values computed forS1A and
the values of Golosovskyet al. in the whole range of tem-
perature. Brunneret al.,3 from measurements on superla
tices, have estimated that in YBCO filmsl c lies in the 45-nm
range in the near vicinity ofTc . According to both the LO
model @see Eq.~29! below and Fig. 11# and the model of
Schalk et al., l c is an increasing function of temperatur
Then, the thickness ofS1A is larger thanl c in the whole
temperature range. As a consequence, for this microbrid
Eq. ~27! and the computedaL are expected to be incorrect

We have assumed thatd is closely related to the separa
tion between pinning sites. Then, in the framework of the L
model, l c depends on the jump width as

l c5
d

g
, ~29!

whereg is the anisotropy factor of the superconductor. As
result, according to the LO model theaL values computed
with Eq. ~27! are valid only in the range of temperatu
whered@d. This proves correct forS2, S3, andS4. Now,
the good agreement between the measured and computI T
values in the case of these microbridges could look surp
ing, since Eq.~27! is valid in a much narrower temperatur
range. However, the only condition of validity of Eqs.~25!
and~26! is thatEP is an elastic energy. The results in Fig. 1
show that it is the case, although the pinning energy does
take the form of Eq.~27! in the zones whered'd. From a
general point of view our results show a qualitative agr
ment with the LO model. However, the commonly admitt
value for the anisotropy factor isg'5 – 6 in the case of
YBCO.46 The results obtained withS2, S3, andS4 suggest
that the thickness range in which the vortex motion is n
dominated by the deformation process is somewhat la
than that inferred from Eq.~29!. This could be due to the fac

ky

FIG. 13. Plot of the transition current from the flux creep to t
flux flow regime @ I T(T)# for the investigated microbridges. Th
solid symbols are experimental results, and the open symbols s
the values obtained with Eq.~26!.
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that Eq. ~29! was established for superconductors unde
high applied magnetic field, which is not the case for o
measurements.

In the model of Schalket al. individual pancake vortices
are displaced almost independently at low temperature wh
with increasing temperature the number of pancake vort
that are displaced together, and as a result, the value ol c ,
are increasing. At 77 K,l c is found to lie in the 15–20-nm
range in the case of YBCO, which is consistent with o
results. However, the existence of pancake vortices in YB
is still a controversial point.

VI. CONCLUSION

We have shown that the critical current modulation a
current-voltage measurements with no applied field ena
one to characterize the vortex dynamics in superconduc
microbridges. In YBCO films both characterizations give
sults consistent with each other. In these films the relev
parameter to describe pinning is not the pinning energy
the jump width, i.e., the pinning sites density. In very th
films this density is low. As a result, when the vortices a
set in motion, it is likely that some vortices are nucleated a
others are depinned. On the contrary, thick films have a h
pinning sites density and the vortices are set in motion
depinning only. Consistently, since the jump width is larg
the vortex motion occurs as the motion of straight vortices
very thin films. In thick films the distance between pinnin
centers is short and the vortex motion occurs either by
formation of the vortex lines or by the motion of panca
vortices. As a result, very thin films can be driven in the fl
flow regime with no thermal runaway in a large temperat
range, but this is possible for thick films in the near vicin
of Tc only. Finally, our results are consistent with the su
gestion that the cause of the high pinning sites density fo
in thick YBCO films is the stress relaxation occurring duri
film growth.

*Also at CRISMAT-ISMRA, Cean, France.
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APPENDIX: DEMAGNETIZING FIELD FACTOR
FOR A THIN STRIP

In the framework of the critical state model,22,26 the value
of the screening sheet current along the edges of a super
ducting strip is written as

I sc
0 5E

2d/2

d/2 UJS w

2
,zD U dz5

B

m0
Apw/L, ~A1a!

with

L5
2l2

d
. ~A1b!

For a very thin strip we can write

E
2d/2

d/2 UJS w

2
,zD Udz5Jsc

0 d, ~A2!

and we obtain

Jsc
0 5

B

m0l
Apw/2d. ~A3!

Equation~A3! is similar to Eq.~2a! in the text, except for the
termApw/2d. This term is a demagnetizing field factor ve
similar to the expression derived by two-dimensional conf
mal mapping for objects infinite in thex direction by Pro-
vost, Paumier, and Fortini.47
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