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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 highsuperconducting 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 seff,¥Ba
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.

I. INTRODUCTION process that sets the vortices in motion. Furthermore, we can
determine the penetration depth and, in some cases, the su-
The most popular parameters used to characterize thgerconducting thickness of the microbridge. This last quan-
physics of the vortices in higii; superconducting films are ity can be different from the physically deposited thickness
the pinning energy and the pinning constdot Labusch because of interface effects or if corrosive agents have de-
parameter The determination of the pinning energy has9raded the film. In Sec. Ill we propose a model for the
been essentially carried out with three different techniquesurrent-voltage characteristics of the microbridges measured
measurement of the resistivity as a function of the appliedVith no applied field in the flux creep regime. As a distinc-
magnetic field in the thermally activated flux floWAFF)  tive f_eature this m(_)del_assumes that the motion of the_ vorti-
regime:'l-_4 ac magnetic Susceptibihty measuremesﬁgsand C?S .|S due to a dIﬁUSan prOC.eSS. Then, We determine the
measurements of the current-voltage characteritids. Pinning energy and the jump width of the vortices as well as
However, these techniques yield results that can be very difhe transition current from the flux creep to the flux flow
ferent for the same type of sample, which means that they de2gime. Furthermore, we determine the Labusch parameter in
not address the same physical phenomenon. The large piHle temperature range in which the vortex motion occurs as
ning energy measured in the TAFF regime is probablylinkedhat of straight vortices. The measurements described in
to plastic deformations in the vortex latti&é! while the ~ Secs. Il and Il were carried out on a set of YBasO,
smaller quantity determined from the current-voltage characmicrobridges. The results are reported in Sec. IV and dis-
teristics and the susceptibility measurements most likelyussed in Sec. V.
characterizes the pinning of individual vorticésThe deter-
mination of the pinning constant has been extensively inves- || MODULATION OF THE CRITICAL CURRENT
tigated for different types of superconducting materials, no- BY A MAGNETIC FIELD
tably the bismuth phases and YRayO; (YBCO). ) _ o ) )
Ceramics, thick films, thin films, and single crystals were Let us consider a superconducting thin-film microbridge
investigated with various measurement methods such as th lengthL, width w, deposited thicknesd superconduct-
Vibrating reed techniqug, surface impedance |ng thiCkneSSd*, and a uniform magnetic fiel® app|led
measurementS:* or inductive method&®> Transport mea- Perpendicular to the microbridge plafeee Fig. 1 Accord-
surements under high magnetic fields on YBCO films havdnd to magneto-optical observations of the flux penetration in
also been used to determine the Labusch parameter from tifglperconducting thin-film disks, squares, or stf¥, and
force-displacement respon¥e!’ In contrast to the results on Hall probe measurement¥;"if the flux penetration is in-
the pinning energy, all these techniques have generallgomplete, the flux enters the peripheral part of the sample
yielded similar results for the same material.
In this paper we show that important additional informa- Yﬁ
tion on the individual pinning and the motion of the vortices X Vo |
can be obtained from transport measurements carried out on /”'f//'
microbridges with and without an applied field. Section I ; — ‘
deals with the modulation of the critical current by a low 1, >~
magnetic field. This field induces a screening current and W
creates a vortex lattice in the microbridge that cause the criti- dl
cal current modulation. We show that the measurement of
this quantity enables one to get pertinent information on the FIG. 1. Schema of a microbridge.
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where B, and B, are the nucleation self-fields f&=0

b Iy
and B#0, respectively. From Eqg2a and (2b), Eqg. (3)
5 T //ﬁ T takes the form
B
I ‘]grO: Jgrl+ ch (4)

whereJ?,, andJ?,, are the critical current densities along the

nucleating edge foB=0 and B+0, respectively. Al is
defined as the critical current modulation due to the screen-
ing current. This quantity is equal to the change in the bias

only, while the central region is shielded by the screeningcu”ent that vgould cause an increase in the bias current den-

current. If the bias current flows in the sample, a nonzero'ty €dual talg;along the nucleating edge. Lad,,(y) be the
voltage is measured at the terminals of the microbridge wheferesponding bias current density change. We consider only
the vortex lattice is set in motion. This requires that vorticeghin films with d<A, then we can write

run across the area previously free of vortices. It is reason- wi2

able to assume that these vortices enter this area either by Al =d* AJydy. (5)
vortex nucleation or by vortex depinning. Then, the critical —wl2

current is equal to the bias current amplitude required for th
relevant process. In this section, we estimate the critical curﬁ:1
rent modulationAl(B), for both processes.

FIG. 2. Schema of the bias){) and screening currentl{)
lines, when magnetic fielB is applied with no vortex lattice in the
microbridge but with a vortex pinned along the nucleating edge.

and AJ, are Meissner current densities since no vortex
s entered the film. Furthermore, in the cases we deal with
we havew>\, then we assume thatJ, can be written as

A. Contribution of the screening current AJp=J2] e [W2EYIN] 1 = [(W2=Y)IN]]
Let us suppose that fieB is applied with no vortex in the y
superconductor. Then, a screening current with current den- =2)0e W2 cos)’(x . (6)
sity Jg flows in the samplésee Fig. 2 From the London
relation, along the edges of the microbridge we hésee From Eqgs.(2a), (5), and(6), Al takes the form
Fig. 1 for the axes orientation
B 0 . 2Bd*
aJ 32 Alcn=leo—len~23sd* A= ' @)
B=uoh>— > with — >~ (1a) Ko
J % wherel ., andl ., are the critical current values without and
and with applied field, respectively.
, 3, ' 33, Jg 2. Vortex depinning
Bsr= mok oy with s (1b) Along the nucleating edge of the microbridge, according

to the same reasoning as in the case of the nucleation pro-
In Egs.(1a and(1b), \ is the penetration depth in the mi- cess, the vortex depinning condition can be written as
crobridge planeJ?, and J are the absolute values of the
local screening and bias current density, respectively Bapd Fero=FerntFses (8
is the z component of the bias current seIf—fieId._From Eqs'wherchro andF, are the Lorentz forces due to the bias
(18 and(1b), the following equations can be derived: current forB=0 andB+0, respectively, ané . is the Lor-

entz force due to the screening current. Equati®ntakes

B= pohJg! 28 the form
and
Joobo= g1 o+ Jeco, C)
|Bgil = oA Jp. (2b)  where ¢y is the flux quantum. Equatiof®) is equivalent to
Eq. (4). Then, Eq.(7) gives the critical current modulation.
1. Vortex nucleation An identical result was obtained from the vortex diffusion

. . . model in Ref. 9. We observe that it is not possible, according
_ Letus consider the edge along which the bias and screef hese results, to discriminate the nucleation process from
ing current densities add ujee Fig. 2 Vortex nucleation e geninning process. However, the model is not complete,

takes place when the total field along this edge is equal 1 @nce it does not account for the effect of the vortex lattice
threshold value. The magnitude of the threshold depends of 5t has possibly entered the microbridge.

the type of barrier impeding the entry of the vortiteg®
and, as pointed out by Likharévand Aranson, Gitterman, L ) o
and Shapir&,s the entry of the vortices is not necessarily B. Contribution of the vortex lattice and determination
coherent. However, in any case, the vortex nucleation condi- of Al o(B)
tion can be written as When vortices have entered the sample, the screening cur-
rent does not collapse but flows around the area free of
Bero=Bei+ B, (3)  vortice$?>?*(see Fig. 3. As a consequence, we shall assume
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currents and the force exerted by the other vortices. The

Jh Jb
depinning condition takes the form
J

whereF, is the force exerted by the other vortices d&ngdis
the force due to the bias current. If we assume that the pin-
ning sites are randomly distributed and that, because of ther-
‘mal activation, the individual vortices can jump from one
pinning site to the other one, then the lattice is not regular.
in what follows thatAl., accounts for the effect of the ag g result,F, is probably due, for the most part, to the
screening current upon the total critical current modulation.ygtices of the same row. Furthermore, distaade Eq. (11)
is not the actual but the average distance between two vorti-
ces. Although a fluctuation in the distance between any pair
By analogy with the previous section we assume that af vortices in the row is possible, the contributionkg of
vortex is nucleated in the area free of vortices if the totalthe nearest neighbor is dominant. As a result, depinning is
field along the border with the area entered by the vortices imnade easier if the actual distance between the vortex located
equal to a threshold value. This condition can be written asat the border and this neighbor is equal ®—(h), with h
=0. Then, instead of its classical expressieee Ref. 29
Beri=Bert B, . (100 F, can be written as

In Eq. (10), B, is the nucleation self-field ar, is the field
due to the vortex lattice. For the sake of simplicity, we will F,=c——3 2
assume a square array for the vortex lattice with a period 2771“0)‘

FIG. 3. Schema of the bias){) and screening currentl{)
lines, when the vortex lattice has entered part of the microbridge

1. Vortex nucleation

kah

17

In Eq. (17), K4 is the modified Bessel function of first order
bo/B. (12) and the sum is extended to all the vortices in the row. As a
The nucleated vortex is most probably located at the end of Egsult, Eq.(16) takes the form

vortex row.B, can be written &
ka—h

I

(18

®o
‘]crl Jcr+ 32 Kl
S K ( ) (12 SN
5. 277)‘2 and, from Eqs(14) and(18), the critical current modulation

In Eq. (12), K, is the modified Bessel function of zero order, can be written as

ry is the distance between vort&and the nucleated vortex, 2d*B ¢0Wd* ka h

and the sum is extended to all the vortices in the lattice. Al =1 0—I= 32

Then, using Eq.(2b), the nucleation conditiofEq. (10)] Ko 277'“07‘

takes the form (19)

We have obtained two different expressions Adr,, which

depend on the process involved when the vortex lattice is set
13 . . o

in motion. As a result, from\ | .(B) measurements it is pos-

sible to determine which process is relevant.
whereJ,, is the nucleation current density. Since in the area

entered byztzhs% vortices the current distribution is assumed 10,11 CHARACTERIZATION OF THE VORTEX MOTION
be uniform?=°"we can write

MoNdern= poNJort o )\22 ( ),

A. Pinning energy and jump width

Jo~ |°_’1 When vortices are in motion, the amplitude of the voltage,
crl d* ’ . . . . . .
Vy, induced at the microbridge terminals, is written as
I Vy=nLuv ¢y. (20
Jor o (14 Co
wd

In Eqg. (20), n is the surface vortex density and is the
vortex velocity. The vortices nucleated by the self-field show
a concentration gradient in contrast to the uniform distribu-
tion generated by an externally applied uniform magnetic
E Ko ) (15 field. As a result, we assume that their motion is due to a
diffusion process and describe it with a mean-field mddel.

wherel., is the critical current when fiel® is applied. Then, the vortex density due to the self-field along the edges
of the microbridge can be determined. We obtain

n(ﬂ)_ﬂo[lb_lcro]
2] 2¢d*

Then, the total critical current modulation takes the form

2d*B ¢0Wd*

Alg=lgo—lg=——
cr cr0 cr Lo 277;“«0)\3

2. Vortex depinning

A vortex located at the border of the area penetrated by for 15>1¢r0
the vortex lattice is pushed forward into the area free of

vortices by the Lorentz forces due to the bias and screeningnd
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TABLE I. Width (w), length(L), deposited YBCO thickness), 1.2 g T T
and critical temperatureT() of the investigated microbridges. Mi-
crobridgesS1A andS1B were patterned from the same sample but 1.01 .
have dimensions different from each other.
0.8r .
Microbridge ~ w (um) L (um) d (nm) T, (K) ”a
£ 061 1
S1A 13 18.5 46:5 88.8+0.1 ~ 'SI'EBZK
S1B 23 36 40:5 88.7+0.1 < 04 r=372nm I
S2 13 18.5 25 88.4-0.1 .
S3 13 18.5 <20 83.7:0.2 0.2t d=16.5nm|
4 13 18.5 165 86+0.1
0.0 ; ; .
0 40 80 120
w B(G)
nl=|=0 for ly<l.o. (21
2 FIG. 4. Plot of the experimental critical current modulation

In the flux creep regime, assuming that pinning is individual!c(B) measured on microbridgg2 atT==82 K (full squares and

with a single pinning energg, , the vortex velocity can be best fit obtained with Eq(15) (solid line). The inset shows the
written ast P value of the fitting parameterd; and\ (superconducting thickness

and superconducting penetration depth, respectively

w
v =2wgde Ep/keT sinh —|. (22 gradient? According to Brand>3*Ep is an elastic energy,
kgT : o .
and the jump width is either the vortex spacing, or the sepa-

In EqQ. (22), wg is the thermal activation attempt frequendy, ration of the pins, or the pinning range. We assume that the
is the jump width, andW is the work carried out by the vortices jump from one pinning site to another and that the
Lorentz force when a vortex is extracted from a pinning site pinning range is the same as the separation of the pinning
Since we consider individual vortices, we use the Heisenbergites. Thengis a measurement of the pinning sites density.
relation to estimate, (wo~10"s ). W can be written as We can write

I E
W=Jpd* dho~ - S¢bo- (23 FL=Jrdod* = zgp, (25)
Vy, takes the form where J; is the transition current density. As a result, the
pol wod expl — E, IksT) transition currentt is written as
Vp= d* (1= erol I 2EpW ”
Xsinh ————| for I ,>1 . . .
sin wkgT OF T~ ler0 Furthermore, if the vortex motion can be described as that of
5 straight vortices, the pinning energy takes the form
and Ep:% a'Ld* 62, (27)
Vp=0 for I,<lyq. (24)  and the Labusch parameigy can be computed frorip and

As a result, at each temperatukg, and 6 can be determined
by fitting the measured current-voltage characteristics with
Eq. (24). IV. EXPERIMENTAL RESULTS
A. Samples
B. Transition current from the flux creep to the flux flow

. We report measurements carried out on thin-film micro-
regime and Labusch parameter

bridges. The superconducting layers of the samples were
Transition from the flux creep to the flux flow regime c-axis-oriented YBCO films deposited by laser ablation on

occurs when the Lorentz fordg , due to the bias current, is an LaAlQ; substrate. Each sample was capped with a 20-nm-

equal to the maximum value of the pinning energythick La,BaCuO;5 overlayer and a gold layer to facilitate

TABLE II. Superconducting thicknessl{) and penetration deptiA) obtained for microbridg&2 from
the best fits oAl ,(B) with Eq. (15).

T (K) 75 77 80 82 84 86 87

d* (nm) 207 13.8£1.9 34+18 16.5-2.4 206 20+25 14+ 25
N (nm)  363+170 254+ 105 634372 372:76 544-168 842:1340 924r 2200
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T T T TABLE IV. Deposited thicknes¢d) and superconducting thick-
4+ 4 ness (I*) of the investigated microbridges obtained with the fitting
procedures using either E¢L5) or Eq. (19). The d* values are
averaged over the temperature range of the measurements.
3 -
I d* (nm) d* (nm)
£ Microbridge d (nm) Eqg. (15 Eqg. (19
352 $1§2K S1A 40 74+13
- S1B 40 189+100
1r A=466nm s2 20 20-7
h=240nm S3 <20 6.5+ 1.4 6.3-1.5
o——r

0 40 80 120
B(G) fitting session was initialized by setting the fitting parameters
in the range of the expected values. The fitting parameters
FIG. 5. Plot of the experimental critical current modulation were d* and A when the fitting procedure was carried out
Al.(B) measured on microbridg81A at T=82K (full square3  with Eq. (15). Then, a good fit could be obtained easily in
and best fit obtained with E419) (solid line). The inset shows the most cases, as shown in Fig. 4. Table Il shows the value of
value of the fitting parametedsandh (superconducting penetration the fitting parameters obtained f82 as a function of tem-
depth and fluctuation in the distance between the vortex entering theerature. We observe that the determination of the fitting
vortex free area and its nearest neighbor, respeclively parameters lacks accuracy at high temperature. This is also
true for the other microbridges.
contact. LaBaCu;0,5 is a conductive oxide the properties of ~ In order to obtain unequivocal results, one of the three
which were described elsewhereThe gold layer was thin  parametergd*, \, or h) was fixed when fitting with Eq(19).
enough to have no sensible effect on the measurements. The the case ofS1A, S1B, andS2, d* was set equal tal.
samples were patterned as microbridges by convention&lonsequently, the superconducting thickness of these micro-
photolithography and chemical etching. The dimensionspridges could not be obtained from this fitting procedure. In
thickness, and critical temperature of the microbridges ar¢he case of microbridg&3, since in the whole temperature
reported in Table I. We point out that since the critical cur-range of the measurements the current-voltage characteristics
rent increases dramatically as temperature decreases, taee typical of the flux flow regimgsee below, h was set
measurements could be carried out in a limited range of temequal to zero and a value could be determinedifarAgain,
perature belowl . only. in most cases, a good fit could be obtained edsiée Fig. 5
for an examplg As a general rule) is determined with a
better accuracy when fitting with E¢19) than when fitting
with Eq. (15) (for an example, compare the results in Table
1. Measurements and fitting procedures Il with those in Table ).

B. Measurements of the critical current modulation

We have measuredl.(B) as a function of temperature
on microbridgesS1A, S1B, S2, andS3. At a given tempera-
ture, the measurements were performed for eight values of Table IV shows the superconducting thickness of the in-
the applied field ranging from 0 to 114 G. Then, for eachvestigated microbridges obtained using Ef#5) for S1A,
value of the magnetic field, the critical current was estimated51B, andS2, and using, in turn, Eq$15) and(19) for S3.
with the 1wV criterion, andAl.(B) was determined. Con- Thed* values obtained fo81A andS1B with the fitting
trary to the results reported by Gaevsiial,>® who could  procedure using Eq15) show a large discrepancy with the
trace a dependence df, vs B only aboveB~200G when value of the deposited thickness. On the contrary, dtie
measuring YBCO strips, the obtainéd .(B) values were value obtained foiS2 is very near the deposited thickness.
not negligible as compared 1g,, at the same temperature. For S3, Egs.(15) and(19) yield a quasi-identicatl* value
The Al (B) values were fitted with Eq$15) and(19). Only  that lies in the expected range of magnitude. In summary, the
the terms corresponding to the three vortices in the latticeortex nucleation model does not bring consistent results in
nearest the nucleation site were included in the sum of Ecthe case o61A andS1B. Then, it is not possible to estimate
(15), and only those corresponding to the two first vortices inthe superconducting thickness of these microbridges. How-
the row were included in the sum of Ed.9). As usual, each ever, the nucleation model brings consistdfit values for

2. Results

TABLE lll. Penetration depth{\) and fluctuation in the distance between the vortex entering the vortex
free area and its nearest neighllor obtained for microbridg&2 from the best fits oAl .(B) with Eq. (19)
(no reliable fitting parameters could be obtained at77 K).

T (K) 75 77 80 82 84 86 87

N (nm) 461+9 538+3 551+11 524+6 820+80 2117553
h (nm) 158+40 198+ 27 98+ 12 60+ 25 0 0




PRB 62 CHARACTERIZATION OF PINNING AND VORTEX . .. 15 167

2400 —— TABLE V. Penetration depth af=0 K [\(0)] in microbridges
2000'_ s1B 7] S1A, S1B, andS2. \(0) is computed using the two-fluid model and
the \(T) values obtained using either the nucleation mdded.
1600 |- 8 (15)] or the depinning moddIEq. (19)].
E 1200 - ’ S1A S1B S2 S2
< 800 1 Microbridge Eqg. (19 Eqg. (19 Eqg. (19 Eqg. (15
400 * 7 A(0) (nm) 232+ 25 20210 225+ 22 251+40

O A
7% 78 80 82 84 8 88

TK) part as do those measured 88 For the sake of comparison

FIG. 6. Penetration depth(T) computed for sampl&1B with  the current-voltage characteristics measuigdn S1B at 88
the fitting procedure using E419). The solid line is a fit of these K (h=0), and 87 K fij=86 nm) and(ii) on S3 at 78 K are
values using the two-fluid model. reported in Figs. @—9(c), respectively. Current-voltage
curves with the same features as in Fig®) @nd 9c) cor-
S2, as do the nucleation and the depinning modelsS&r respond to microbridge; driveq in the flux flow regif’ﬁe/.Ve.
The(T) values obtained foB1B using Eq.(19) (assum- ob_serve that, at a _sufﬁqentl_y hlgh temperature, all the micro-
ing d=d*) and those obtained f@2 with both fitting pro- ~ °ridges can be driven in this regime.
cedures are plotted in Figs. 6 and 7, respectively. Since the
YBCO layer of our samples is-axis oriented)\ is the pen- C. Measurements without applied field
etration depth in théa, b) plane of the perovskite structure.

In the case 062 the\(T) values obtained using both fitting The current-voltage characteristics of microbridgas,

procedures lie in a close range and can be fitted using th ISI‘ dsrfc,cg? dc:r?éltc\)/vt?\r:crg:\?:#tzgga\ll\?ézr?oo%ﬁ)p::Z?hc:Eaugs?r?tl(;
two-fluid model. This is also the case of the values obtaine 9 P 9

- i *
for S1B with Eq. (19). MicrobridgesS1A andS3 behave as KHz alternating current. In the caseSA and34, d* was

S1B and S2, respectively. Table V shows(0) as obtained set equal tad.
using the two-fluid model and the(T) values computed L
with Eq. (19) [and Eq.(15) in the case 062].3 1. Pinning energy
As expected bothi\(0) values computed foB2 lie in a Figure 10 shows the pinning energy of the microbridges

close range. Otherwise, the values in Table V are very simias a function of the reduced temperaturél.. The E, val-

lar and are in the range of the values obtained by surfacees forS2, S3, and$4 lie almost on the same curve and are
impedance measurements at microwave frequencies darger than the values computed f&tA at the same reduced
thicker films3’~3°The determination ofi* and\(T) shows temperature.

that the nucleation model is relevant 82 andS3 but not

for S1A andS1B. Furthermore, the depinning model proves 2. Jump width

relevant for all the microbridges. Then, it is possible to make
a reliable estimation olfi(T).

The h(T) values obtained from the fits with E¢L9) are
plotted in Fig. 8 forS1A, S1B, andS2 (assumingd=d* for
S1A andS1B). As a predictable result of thermal activation,
h decreases as temperature increases and goes to zero in
vicinity of T.. The current-voltage characteristics measure
at zero applied field oB1A, S1B, andS2 in the tempera-
ture range wheré is found equal to zero show a large linear

Figure 11 shows the value of the jump width of the mi-
crobridges as a function of/T.. As a general rule, the
thinner the sample, the larger the jump width. In particular,
the § values forS3 andS4 are more than one order of mag-
ﬂi]téjde larger than foS1A. This suggests that, although the
cpinning energy ofS1A is lower than that of the other
samples, pinning is much more effectiveShA than it is in

350+

I —a—S1A|]
3000 [~y s0f & I o818 |
2500 |- S2 : E 250 - <i\; |—a—82
2000 - ) 200 N ]

h (nm)

T 1500 -] 150'—{ \&L I ]
= ool ] 100} ]
LA

50 | :
] —al f N

b A, o 4
R TPy e 74 76 78 80 82 84 86 88
T(K) T(K)
FIG. 7. Penetration depth(T) computed for sampl&2 with FIG. 8. Fluctuationh(T) in the distance between the vortex

the fitting procedures using E@l5) (open squargsand Eq.(19) entering the vortex free area and its nearest neighbor, determined
(full square$. The solid line is a fit using the two-fluid model of the for microbridgesS1A, S1B, andS2 with the fitting procedure us-
values obtained with Eq19). ing Eq.(19). The solid lines are guides for the eye only.
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0.20 - - T S1Au
w 7 16w M
1B L 107 o )
o e E ° w‘}'v‘7 a v 83
0151 | v=gax e sle®e T g s 84
P 107 EN T, e,
el o ] E : e T N e,
; 0.10 e & .o, * . v
P 10° F JAE .
0.05f ___;::Z::-'" 1 " . . *
o a) L —
0.00 = ) , 00 01 02 01._3T/To.4 05 06 07
0.00 0.01 0.02 ¢
I(A
@ FIG. 11. Jump width(§) of the investigated microbridges as a
T . . function of the reduced temperatur&/T,).
0.201 .
015+ __,..-j::'f | 3. Labusch parameter
1] .f'
S ook ?lgm }_.:;" ] The « values computed for the investigated micro-
§ ’ s bridges according to Eq27) and the values obtained from
0.05¢ e 1 surface impedance measurements on a large number of
" YBCO films by Golosovskyet al* are reported in Fig. 12.
0.00 =" b) - We observe a strong disagreement between some of our re-
0.00 0.01 0.02 0.03 sults and the values of Golosovsé&lal. We have reported in
(A) Fig. 12 two vertical lines, the solid line fd3 andS4 and
the dashed line foS2. In each case, the line divides the
1.0 - - figure in two zones wheré>2d and §<2d, respectively. In
I the case o063 and$4, the agreement between the computed
0.8 and the values of Golosovskgt al. is good in the zone
06k whereé>2d and bad in the other zone. In the cas&af the
S zone where5>2d is very narrow. However, in this zone, we
> 04r observe that the values computed 8%, S3, and$4 lie in a
close range and are consistent with the values of Golosovsky
02 et al. at a lower temperature. In the caseSifA, there is no
temperature range whe#e>2d, and, at any temperature, the

0.04 0.06
I(A)

computeda, values are much larger than the values of Go-
losovskyet al.

FIG. 9. Current-voltage characteristic at zero applied field mea-

sured on(a) microbridgeS1B at T=88 K, (b) microbridgeS1B at 4, Transition current from the flux creep to the flux flow regime

87 K, and(c) microbridgeS3 at T=78K. The transition current
(I7) is measured at the intersection of the extrapolated flux flow
branch with the current axis, as shown(a).

In the flux flow regime )V takes the form

Vp=Rp(lp—I7), (28
the other microbridges. This is supported by the very narrow
temperature range below, in which S1A can be driven

in the flux flow regime with no thermal runawagsee whereRp is the dynamic resistance of the microbridge. As a

result, the experimental value of the transition current can be

Table VI). determined from the linear part of the current-voltage char-
acteristics[see Fig. @)]. In Fig. 13, the experimentdl;
60 F - - : ] values mea'sured'oﬁz, S3, and $4 are co'mpa.red to the
Teew : g;A values obtained with Eq26) (S1A can be driven in the flux
Lal v 3 flow regime in a temperature range too narrow to give mean-
oo ew e sa | ingful results. A good agreement between both values-of
% ° * ave ® is found for all the samples in a large temperature range.
E 80 [ <% see, o :
w Wt %
C M . s TABLE VI. Temperature range beloW, in which the current-
40 r o ] voltage characteristics measured on the microbridges can be driven
: . . . - in the flux flow regime with no thermal runaway.
0.0 0.2 0.4 0.6 0.8
T/, Microbridge S1A ) S3 4
FIG. 10. Pinning energyHp) of the investigated microbridges AT, (K) 25 6.5 21 15

as a function of the reduced temperatuféT).
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FIG. 13. Plot of the transition current from the flux creep to the
flux flow regime[I+(T)] for the investigated microbridges. The

solid symbols are experimental results, and the open symbols show
l%e values obtained with Eq26).

FIG. 12. Plot of the Labusch paramefex (T/T.)] as com-
puted for the investigated microbridges according to(d) and as
obtained from surface impedance measurements by Golosovs
et al. (Ref. 14. The solid line(the dash lingshows the separation

f 2 h h 2 6>2d. . . . . .
or S3 andS4 (S2) between the zones whege-2d and d perature range in which the jump width is much larger than

the thickness of the YBCO film. The disagreement between
the computed values and the values of Golosoetlgl. out-
A. Demagnetizing effects side this range can be attributed to the fact that the straight

The model detailed in Sec. Il does not take into account/©"ex description i.s valid only if the YBCQ film is thinner
the effect of the demagnetizing fielgee the Appendijx than a character_lsnc length. In the opposite case, yortex
However, the values obtained fa(0) are in agreement with motlon occurs either by 'deformatlon O.f the vortex lines, as
those determined by surface impedance measurements. F@ESCribed by the Larkin and Ovchinnikov moddlO
thermore, the model has yielded consistéftvalues in the mode),™ or accordmg_to Schaltef[ al,”” by the motion of
case of the thinnest microbridgéS2 andS3). The reason pfancake vortices. This inference is supported by the strong
that the demagnetizing field can be discarded is not Clea@sagreement between tiag va!ues computed foB1A and
However, we can remark that since a microbridge is a ver;}he values of Golosovsskgt al.in the whole range of tem-
small object included in a much larger superconducting asperature. Bruqneet al, frpm measgrementfs on superlat-
sembly, its demagnetizing field factor is certainly different I€S: have estimated that in YBCO filmslies in the 45-nm

from that of the isolated and much wider rectangular stripd@"9€ in the near vicinity of ;. According to both the LO
generally investigated by other authd?€13041 model [see Eq.(29) bellow anq Fig. 11 gnd the model of
Schalk et al, |, is an increasing function of temperature.
o Then, the thickness oB1A is larger thanl; in the whole
B. Vortex pinning temperature range. As a consequence, for this microbridge,
The results obtained when measuring.(B) on SIA  Eq.(27) and the computed, are expected to be incorrect.
and S1B give identical conclusions. This shows that the ~We have assumed thatis closely related to the separa-
width of the microbridges has no effect on vortex pinning attion between pinning sites. Then, in the framework of the LO
least for the microbridges whose width is in the @&  model,l. depends on the jump width as
range. Otherwise, the vortex depinning model is relevant for
all the microbridges. However, consistent results have also | _é 29
been obtained with the nucleation model in the cas&af ¢y
and S3. This suggests that nucleation competes with depin-
ning in the case of the very thin microbridges because pinwherevy is the anisotropy factor of the superconductor. As a
ning is less important in these films than in thick films. Fromresult, according to the LO model the values computed
studies on  YB3CwO,/PrBa(Cu,_,Ga)s;0; super- With Eq. (27) are valid only in the range of temperature
lattice$?*3 Contour and co-workers have shown that stresgvhere 6>d. This proves correct foB2, S3, andS4. Now,
relaxation occurs during the growth of YBCO films above athe good agreement between the measured and computed
critical thicknessd,~10nm. Then, it is reasonable to infer Values in the case of these microbridges could look surpris-
that there are much fewer pinning sites in films witked, g, since Eq(27) is valid in a much narrower temperature
than in thick films because most of the pinning defddis- ~ range. However, the only condition of validity of Eq&5)
locations or twin boundarig¢sre generated by the stress re-and(26) is thatEp is an elastic energy. The results in Fig. 13
laxation. This conclusion is consistent with the large value oshow that it is the case, although the pinning energy does not
the jump width of the microbridges whose thickness is in thetake the form of Eq(27) in the zones wheré~d. From a

range ofd. (S3 andS4) with respect to that of the thicker general point of view our results show a qualitative agree-
samplegS2 andS1A). ment with the LO model. However, the commonly admitted

value for the anisotropy factor ig=5-6 in the case of
YBCO.*® The results obtained wits2, S3, andS4 suggest
that the thickness range in which the vortex motion is not
The «, values computed for our samples are in a gooddominated by the deformation process is somewhat larger
agreement with the values of Golosovsédyal. in the tem-  than that inferred from Eq29). This could be due to the fact

V. DISCUSSION

C. Vortex motion



15170 PANNETIER, LECOEUR, BERNSTEIN, DOAN, AND HAMET PRB 62
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In the model of Schallet al. individual pancake vortices o) : .
are displaced almost independently at low temperature whiIeM' Hanotel for her contribution to the photolithographic pro-

with increasing temperature the number of pancake vorticegess and B. Pouderoux for the improvement of the measure-
that are displaced together, and as a result, the vallg, of ments system.

are increasing. At 77 Kl is found to lie in the 15-20-nm

range in the case of YBCO, which is consistent with our ~ APPENDIX: DEMAGNETIZING FIELD FACTOR

results. However, the existence of pancake vortices in YBCO FOR A THIN STRIP

is still a controversial point. In the framework of the critical state mod@l°®the value

of the screening sheet current along the edges of a supercon-

VI. CONCLUSION ducting strip is written as
We have shown that the critical current modulation and a2 | (w B
- i i i 0= =
current-voltage measurements with no applied field enable |SC_J' J(—,z) dz=—JmW/A, (Ala)
one to characterize the vortex dynamics in superconducting arl 2 Mo

microbridges. In YBCO films both characterizations give re- it

sults consistent with each other. In these films the relevant

parameter to describe pinning is not the pinning energy but 2)\2

the jump width, i.e., the pinning sites density. In very thin A=—. (Alb)
films this density is low. As a result, when the vortices are d

set in motion, it is likely that some vortices are nucleated andcor a very thin strip we can write

others are depinned. On the contrary, thick films have a high

pinning sites density and the vortices are set in motion by a2 | [w o

depinning only. Consistently, since the jump width is large, f J(E,z) dz=J:d, (A2)
the vortex motion occurs as the motion of straight vortices in

very thin films. In thick films the distance between pinning and we obtain
centers is short and the vortex motion occurs either by de-

formation of the vortex lines or by the motion of pancake o B

vortices. As a result, very thin films can be driven in the flux Jsczﬁ vaw/2d. (A3)
flow regime with no thermal runaway in a large temperature

range, but this is possible for thick films in the near vicinity Equation(A3) is similar to Eq.(28) in the text, except for the
of T. only. Finally, our results are consistent with the sug-term {7w/2d. This term is a demagnetizing field factor very
gestion that the cause of the high pinning sites density foundimilar to the expression derived by two-dimensional confor-
in thick YBCO films is the stress relaxation occurring during mal mapping for objects infinite in the direction by Pro-

—d2

film growth. vost, Paumier, and Fortifil.
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