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Vortex pinning in the frozen vortex lattice in YBa,CuzO,_, films
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The inductance of vorticek,(T,B) in YBa,CuO;_, films is studied for temperature<8l<85 K, and
magnetic field 82B<6 T with the goal of identifying the morphology of the vortex pinning sites and the type
of the glass phase below the vortex lattice melting transiig{ir). The key feature that distinguishes point,
linear, and planar pinning sites is how rapidly increases when thresholds Tnand B are crossed. We find
that, below a threshold fielB,(T) <By(T), the effective pinning force on each vortex is independer. &t
B,<B<By, Ly increases aB?, whereas aB~By, Ly diverges faster thaB? following a scaling law orf,
consistent with a phase transition between a glass and a liquid vortex state. Although the value of the threshold
field, B,~8(1—T/T¢) T, is consistent with any type of pinning defect, the increask of B2 for B> By is
much less rapid than predicted for collective pinning of vortices by point defects. Linear and planar defects are
possible explanations, but the necessary theoretical calculations are currently absent.

I. INTRODUCTION tionality constants involve geometric factors and universal
constants. The usefulness of this convention is that it facili-
While it is well known that some sort of defect in tates comparison of the vortex inductance to the kinetic in-
YBa,Cu;0,_, (YBCO) films pins vortices very effectively, ductance of the superconducting electrons, which is propor-
the identity of the defect is as yet undetermined. Candidattional to the ab-plane penetration depth\? Qualitative
defects include oxygen and other vacancies, dislocations peexpectations of any model are that,asr B increases, pin-
pendicular to the film, and twin planes. All of these defectsning of the vortex lattice softens so thei increases until it
exist in films, so the actual situation is rather complicateddiverges at the melting curvgy(T). One point of deviation
Theoretical work is extensive along mainly two directions: between theoretical models is the magnitude of the pinning
First, the collective pinning model considers vortex pinningforce constant at low temperatures in the glass phase, which
on pointlike disorder and predicts a “vortex-glass” low- may distinguish regions of phase space where vortices are
temperature state that melts at a phase bounﬁ@(gr).l pinned individually or collectively. A second important dif-
Second, the “Bose-glass” model studies vortex pinning onference between models lies in how rapidly pinning de-
line defects and finds a qualitatively different glass state andreases a$ andB increase beyond important thresholds. The
phase bounda’?® Most of the time, theory focuses on pro- key idea is that pinning by point defects is marginal and
totypical materials containing one type of defect, and is geneasily disrupted by thermal fluctuations and intervortex re-
erally successful in case where these materials can be gengulsion, whereas pinning by linear and planar defects are
ated experimentally, as with columnar defects generated bsnuch more robust and could lead to a milder dependence of
heavy-ion irradiation of an initially weakly pinning YBCO A2 on T or B. At present, explicit expressions fa exist
crystaf and by studies of clean YBCO crystals before andonly for collective pinning model for point defects How-
after twin planes have been removethese simplified theo-  ever, examination of expressions for the effective potential
retical models can be brought to bear on films when ondor the line and planar defect models reveals how robust
measures a parameter which behaves very differently for difpinning is in these cases.
ferent morphologies of pinning sites. Such a parameter is the Experimental study of the inductance of the frozen vortex
inductancel(T,B) of pinned vortices, which is inversely lattice in films is just beginning. Much more attention has
proportional to the effective pinning force constant. been paid to complex impedance measurements near and
This paper reports an experimental study of the inducabove the transition a,(T) for comparison of its scaling
tance of vortices in a long, narrow film of YBCO in the characteristics to those of the low-frequency nonlinear
region of temperatures, fields, and frequencies where the voresistivity®~® Recent experimental studies at microwave fre-
tex lattice is “frozen,” vortices are fully pinned and therefore quencies have explored the vortex surface impedance at re-
inductive, and the inductance is a direct probe of the pinningjions that partially overlap the range<8<85 K and
strength. In this region of the phase space, which lies below<B<6 T of our experiment, and estimated the vortex pin-
the phase boundargy(T,) between glass and liquid vortex ning force constant®Apart from the extended temperature
phasesL is inversely proportional to the effective vortex and field range, our work provides a quantitative comparison
pinning force constant, , referred to as the Labusch param- of the Campbell penetration lengily and the magnetic pen-
eter.Ly is conventionally reduced to the Campbell penetra-etration depth\ in the film, which facilitates the test of theo-
tion depth squaredé(T,B)OCLVoc 1/a , where the propor- retical predictions for a variety of types of pinning defects.
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To gain some insight into how different types of disorder
translate into very different dependenciesngfon T andB,
we consider the collective pinning model by point defects.
Within various approximations, Koshelev and VinoKur
(KV) have estimated the dependencegf(or Ly) onT and
B in the vortex solid phase, focusing on the lattice softening I
that precedes the melting transition. Pinning is marginal in
the following sense. If vortices were rigid rods, then each
would intersect about the same number of pinning centers as
it passed through the sample, regardless of its location.
Hence, no position would be favored over any other position,
and pinning would vanish. Random spatial fluctuations in the
density of point defects, combined with a flexible vortex line
enable individual vortices to curve through the sample in a
way that maximizes the number of intersecting pinning sites
at the minimum cost in the vortex line energy. Pinning is
strongest at low temperatures where thermal fluctuations are FIG. 1. The geometry used in our experiment.
small and at low fields where intervortex repulsion is small.
Thermal fluctuations reduce pinning very abruptly when
thermal motion of each vortex exceeds the range of the pingg|ative to its direction between the voltage contacts to mini-
ning potential. Similarly, intervotex repulsion reduces pin-mi-e the induced magnetic field away from the microstrip.
ning very abruptly when it exceeds a certain threshold ange contacts were defined by ion millirip clean the film
forces vortices to be parallel to each other. The KV theorysurface) and subsequent Ag depositiéd.5 um thick). The
predicts Ac~\ exp(T’/T;) above a crossover temperature zero-resistance temperature of the filmBat 0 was 88.5 K.
Tpo and at lowB. It also predictshc~\ exg(B/By)*?] Measurements were taken in the transport bridge by using
above a crossover field,. The data show milder increases g square pulse current of frequency?2@x10° Hz and a
with T and B and suggest that the vortex pinning sites arejock-in amplifier to measure the amplitude and the phase of
extended rather than pointlike. the signal from the sample. The current was kept small com-
While it may seem obvious that vortex pinning would pared with the critical current of the bridge, so that the mea-
decrease monotonically witA and B, this result is not syred ac voltage/ was linear in | at all temperatures of
trivial. FEigel’man and VInOkL}I2 find theoretica"y that the interest. For 0.05f<20 MHz, it was necessary to hetero-
critical current denSity]C which depins the vortices can in- dyne the Samp|e response into an audio frequency Signa]
crease with increasing under some circumstances, imply- detectable by the lock-in. Special care was taken to eliminate
ing stronger pinning and therefore a decreaseLin (or  reflections in the transport lines from load mismatch by in-
A¢), which is not observed in our films. It would be very serting 5@ resistors in series with the samplehich is

interesting to observe simultaneous increasek.iandLy.  essentially a short, as its complex impedance never exceeds
10 m() in our measurementsWe used excitation currents as
Il EXPERIMENTAL METHOD AND MODELING low as 30uA to ensure that the bridge impedance is purely

inductive(i.e., the voltage is 90° ahead of the current within

This paper examines the inductariggB, T) of supercon- our resolution, at temperature3<T. andB=0. The heat
ducting films, patterned into a long narrow bridge, in theleak from the wires meant that the probe operate®it& with
presence of a magnetic field parallel to therystallographic  helium gas in the sample chamber and above 50 K when
axis, using a small ac probe current. This technique has beervacuated.
used in studies of the pinning force constant in YBCO films  Typical data of the inductance of our microbridgef at2
away from the melting transition at only a few temperatureMHz are plotted in Fig. 2. In this plot, one observes the
values!® and with emphasis on vortex pinning when the fieldincrease of the inductance with the application of a magnetic
is perpendicular to the axis* field B=1 T relative to the zero-field data. Deducing the

The epitaxial film in our work was deposited by laser inductance of the vortices from such set of inductance data is
ablation on a heated SrTiGsubstrate. The film was 2500 not as simple as subtracting the zero-field from the in-field
+400 A thick, with itsc axis perpendicular to the film plane data at the same temperature, because the distribution of su-
and exhibited a sharp transitiothe 20%—-80% transition percurrent across the film width changes with magnetic field.
width was less than 2 X From two-coil mutual inductance We should, therefore, construct an appropriate model that
measurements before the film was patterned we found thacorporates the fact. Similar concepts are involved in mod-
the penetration depth fits=\o[1—(T/Tc)?] Y2 with A,  eling the microstrip resonator measurements in Ref. 10. In
=1730+400 A, to the accuracy demanded by ourthe remainder of this section, we calculate the measured ac
experiment® The film was patterned into a four-contact mi- voltageV in a typical four-terminal microbridge, identify its
crobridge of width 35um and length 60Qum between the terms that depend on temperature and magnetic field.
center lines of the two voltage leads by usual photolitho- L, comprises three contributiond (=L +L,+L,), all
graphic technigues and wet etching in dilute nitric acid. Theof which depend on the bridge lengshwidth w, and thick-
voltage leads were also 3m wide, each. As is shown sche- nessd. The largestl.,, is the contribution from the magnetic
matically in Fig. 1, the transport current turns antiparallelflux through a closed path that includes the center line of the
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using the same integration loop as in the calculation in Eq.
F ' 41.5 (1) that includes the centerline of the microbridge, we find
520 - < 4

L~ poS(1— BoY)/ (Wd/N?) @

with 8,=0.051 for the values of encountered here. The fact
] that this formula allows a negatiVie, indicates the break-
down of the simple approximation of the dependencé ,of
onY at largeY. For our experiment, the important physics is
that L, increases monotonically with decreasi¥igand Eq.
(2) expresses this.

The third contribution td_, is the additional kinetic in-
ductancd., from the vorticesL, is most easily discussed in
the context of a single pinned vortex. The applied supercur-
rent produces a forcéyJs per unit length on the vortex, in a

' ' ' direction perpendicular to the supercurrent. This force is
60 70 80 90 matched by the pinning force per unit lengtx, plus a
T (K) viscous forcenu, , wherex is the displacement of the vortex
from the center of the pinning potential which is assumed

FIG. 2. Temperature dependence of the inductance of the microqu"’ldr"jltIC with curvature. The average value af is desig-

bridge atB=0 andB=1 T, for f=2 MHz. Inset: The ratio\ /A ”hated the Labusch parameltqu. So'r‘]’ g forl.thg Ve'fof]'ty Ofl
determined from these data using the model @ the vortex motiorv, , we calculate the amplitude of the volt-

age generated on the bridge in the presence of applied mag-
netic field

500

L, (pH)

480

460

microstrip and the wires to the lock-in, generated in the volt- V=(B | ol —imt
age loop by the drive current in the microstrip. By approxi- (Bdo/m(as/wd ~Tw/(=iw+aln)], &)
mating the film as a long wire of radiu&2 and taking the with | . the amplitude of the current through the strip.

voltage pickup loop to be rectangulsxr (r~3 mm), there If there is no pinning, as in temperatures close toThe
results then =0, andV=(B¢q/ 7)(s/wd)l .. is in phase with the
current. The Bardeen-Stephen model for free flux flow, and
Lo~ moS[1+2 In(2r/w)]/4m~11.3uos/4m~680 pH. the measurements in YBCO films of Kunchetral 1’ at tem-

peratures close to th&., suggest thaty=B.,¢q/p,, With
A numerical calculation for a long thin film rather than a characteristic values for the upper critical fiel,(T)
long cylindrical wire increases this number by 10%. Sincemz(TC_T) in units T/K, and normal state resistivity
the actual bridge is not much longer than the spacing bepn(T)~70(T/100), in £ cm. At much lower temperatures,
tween the voltage electrodes, this number overestimates thghere the vortices are pinnéd>0) and the frequency of the
actual coupling from currents in the bridge itself. It is essencyrrent is low(w<a/7), the viscous force is negligible, and
tial to remember that within the bridge, the supercurrent denthe impedance of the vortices is inductive. Physically, this
sity Js peaks at the film edges to a degree determined by thductance represents a net reduction in the average super-
ratio Y2=wd/\3;, where \y(T,B) is an effectiveab-  fluid density due to the supercurrents around the moving
penetration depth defined in detail below and which, atvortices. As withL,, L, should reflect the reduced current
B=0, equals\(T). This is a well-known solution of Max- density along the centerline of the film. The inductahge
well's equations coupled with London’s equation for trans-from the vortex motion is therefore
port current in the strip geometry, for the strict limitg>d.
Pyunet al® have tested the theoretical prediction farby ~ Ly=(Beo/a)(s/wd)(1—B,Y)=puoh&(s/wd)(1-B,Y),
measuring nonuniform supercurrent densities in a Towsu- 4
perconductor, and verified that the model holds for more reyhere we used the conventional definition of the Campbell
alistic microstrips with values of up to about 5. From their length,\¢. As B—0, the Campbell length . vanishes.
work, we conclude that a nonunifordy results in an induc- |t remains to define\s. The fact that the distribution of
tanceL , well approximated by supercurrent in the film is determined by the sheet induc-
tance suggests thats=\%T)+\ 2(T,B). However, even if

Lp(Y)=~Lpo(1=B1Y) (D) the vortices were immobiledo; —~ and )\(2;—>O), the ap-
plied field would reduce the superfluid density by a factor
[1-B/B.(T)]. We choose the simplest field dependence
é)f)\eﬁ and write

with 8;=0.014 for values ¥Y<19 encountered in this
work. This equation captures the dependence pbn tem-
perature and magnetic field, since the effect of vortices is t
increase o . 2 _ry2 2 _

Another contribution td_, is the zero-magnetic-field ki- Ner=[A(T)+A(T.B)I/[1=B/Beo(T)]. ®
netic inductancd.,, which arises from the electric field ac- This expression is in agreement with the electrodynamics
celerating the superconducting electronsl fvere uniform, model of Clem and Coffelf In fact though, in thel andB
thenL,=uo\s/wd, representing around 1% of the esti-  range in our experiment, the field term in E&) plays a
mated above. Taking into account the nonunifaig) and  minor role.
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To summarize, the bridge inductance is a functionTof
and B through its dependence ony, as parametrized by

Y2=wd/\Z, through the model equation 900 |
Lp="Lpo[ 1= B1Y]+ mos[1— B Y]/ Y2, (6)
This is the fundamental equation of our model that includes 800 ¢

the corrections from the nonuniform current distribution. It
enables the deduction af-(T,B) from L,(T,B). For a long
narrow strip, where the supercurrent distribution is close to
that in an infinitely long bridge, Pyuretall® estimate
B:=0.014 andB,=0.051. In the pattern used in our experi-
ment (Fig. 1), where the current runs antiparallel to the 600 |
bridge to minimizel ;,, we estimate from geometrical con-
siderationsL ,,~500 pH, 8,=0.005 andg,=0. The actual
value of these parameters will be determined from best fits to

700

|Z,|/2nf (pH)

our data. Since our results agree with results of quite differ- 500 . . .
ent techniques at lovB and T, we are confident that this 0 2 4 6
model is sufficiently accurate for our purposes. B (T)
Actually, the main conclusions of this paper would be the
same, qualitatively, even if we tooks to be the uniform. FIG. 3. Magnitude|Z,|2#f of the impedance fof=8, 54.1,

However, for a quantitative determination ®E(T,B), the  60.0, 65.5, 70.0, and 74.5 K. Inset: phageof the impedance at
assumption of a unifornis is valid only very close to J. In ~ T=65.5 K (circles, 70.0 K (squarey and 74.5 K(triangles. At
that restrictedl’ and B region,\c /A —© andY2—>O, sothe T=745 K andB>4 T, ¢ drops below 90°, indicating a small
term Lpo[l_ﬂlY]+Mosﬁz/Y can be treated as a quantity resistive component t@,, asB approaches the melting field
independent ofB and T, compared to the quadratic term
wos/Y(T,B)? that changes much faster. Th@nf2 is esti-
mated by subtracting the zero-field data from the field dataparticular values of o, By, OF B, chosen for the fit. This is
similarly as if Js were uniform: also true for ouB dependence data that we analyze below.
In Fig. 3 we show the field dependence of the magnitude
|Z,|/27f and the phase of the bridge impedance dt=1
MHz. Since ¢ is always very close to 901Z,|/27f=L,, is
when Ac(T,B)/A(T)— . essentially iﬁductive.yAs inyFig. 1, the j;a?r':l were taken at
This is an important limit of Eq.(6), especially for | .o/dw=600 Alcn?, i.e., as much as 3 orders of magnitude

frequency-dependent studies cIoseTBo(Refs. 6—8. There, smaller than the c_ritical current density. There are s_everal
a smallf dependence i, that typically arises due to limi- features to note. First, &=0 where there are no vortices,
tations of the experimental setup, is negligible compared td-o(T,B=0) increases withl, as is expected from the in-
the strong dependence ¥f on B, T, andf. However, in the Crease in the intrinsic penetration depth and @y. Second,
present work we focus on the dynamics of the frozen vortex@tt fixedT, L increases linearly witt, i.e., proportional to
lattice atT<T,, thus our analysis is based on E6), where the density of vortices, below a threshold fieB,(T).

we take into account the nonuniform current distribution inBp(T) increases from something greater than 6B« to
the bridge. about 1 T at 74.5 K, and the slopél.,/dB|;, increases.

These features of the data are reflected, through(&gto
the quantityT(T,B) (plotted in Fig. 4, and finally to the ratio
Nc /N (plotted in Figs. 5 and )6 The fit parameters used are
We begin analysis of the temperature-dependence data kpo=569pH, 8,=0.004, andB,=0.015. The 15% differ-
f=2 MHz (Fig. 2) by looking at those foB=0, where no ence ofL,, compared the value 480 pH for the 2 MHz data
vortices are present ang: should vanish. The very good fit of Fig. 2, is indicative of a small variation of the impedance
shown by the smooth curve in the figure is obtained usinglata at frequencieB=2 MHz, which results from unavoid-
Eq. (6) with L,=480 pH, 5;,=0.004 andB,=0.015 very able nonperfect termination of the % transport lines, and
close to their expected valud&qually excellent fits can be is very reproducible on a day-to-day basis.
obtained with 486l ;<520 pH, 0.003%3,<0.006 and The fieldBy(T) marks a crossover between qualitatively
0<3,<0.030, even if we van\(T=0) between 1730 and different responses of the vortex system to the small pertur-
2400 A to bracket plausible values. In the fitting procedure pations induced by the excitation current in our film bridge.
the curvature of thé.,(B=0,T) data obliges a nonzerg,,  Although this crossover can be seen in the raw dgig. 3),
and confirms our concern about the effect of a nonuniformwe defineB,(T) from Fig. 5, where the data are corrected
current distribution in the film}.Then, by using Eq(6) with  for the nonuniform current distribution in the strip. This op-
the same parameter values for the dat8atl T, we deter- erational definition does not alter qualitatively our conclu-
mine theN /N shown in the graph inset. We should empha-sions, but is more appropriate for comparison of the mea-
size that the value of /N as well as its modest temperature sured By(T) with theoretical predictions. As shown in
dependencéby ~10%) at B=1 T arenot sensitive to the Fig. 5, (\c¢/\)? approaches zero with a nonzero slope for

Ly(T,B)—Ly(T,B=0)~puohc(T,B)%s/(wd), (7)

lll. EXPERIMENTAL RESULTS
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B<B,(T), which indicates that in this region of phase space ;5 g The ratio K /))? plotted vsB? for T=54.1, 65.5, 70.0,

the vortex pinning forcayLEqSoB/,uo)\(z; is independent of
the magnetic field. On the other hand, aB
>By(T), (Ac/N)? increases aB?, as shown in Fig. 6, over
a wide range of fields and temperatures. Thus, Bor
>Bp(T) «_*1/B, indicating that the pinning strength is in-

and 74.5 K. The solid lines indicaten ¢ /\)?<B2 when \c>\.

The dashed line through the data at 74.5 K indicates a fasteBthan

increase of Xc/\)2 upon approaching the melting fieBly="5.4
+04 T.

versely proportional to the density of vortices. Collecting the|3p marks the deviation ok o/\ from, roughly, unity. The

values ofBy(T) from our experimental data, we note two jmportance of these two features will be discussed exten-

phenomenological characteristics: First, its temperature desjvely in the following section.

pendence is consistent with the folBy=(8 T)[1-T/T¢]
(shown in the inset of Fig.)7 Second, as indicated in Fig. 6,

T T T , T w45 K
(T.-T)
8 | > LR
g ;
ds \u/o S
&
exp(~T/25K) 65.5 K
6 - 1 I 4 T
o 0 20 40 60 80 e ’
< T 541 K
o 4 e T
<
= .
B v vy
o o
2 L o T 8 J
O 1 1 I 1
0 1 2 3 4
B(T)
FIG. 5. Typical curves Xc/N)? vs B, for \(T)?

=(1730 AY/(1-T?/T2). The data approach the origin with a
nonzero slopéas indicated by the solid line for the case of 5411 K
and they diverge above a crossover fiig(T). Inset: Labush pa-
rametera, (T) in units N/nf (expressed in logarithm base)for
B<B,. The linea <exp(—T/25 K) describes phenomenologically
the experimental results of Golosovsét al. (Ref. 9, taken on
similar films with a different technique. The curag o (T.—T)? is
the theoretical prediction of the Bose-glass mo@éf. 2. Both
curves are consistent with our data.

For completeness, we also measure the frequency depen-
dence of the bridge inductance. This is important since, in

the vicinity of a phase lind®4(T,), the inductive vortex re-
sponse has been shown to follow a power layyf ¢ (£

>0), consistent with a phase transitionBj(T,) separating
a glass from a liquid vortex stat. This signifies a
frequency-dependeitcrease ofL,, when approaching,

which should be distinguished from ti&# increase of the
(Nc/M)? that we observe. Therefore, in Fig. 7 we plot the
exponentZ(T) for our highest magnetic field valu8=6 T)

from data taken at frequencies 006<20 MHz. The error
bars represent the uncertaintyZinlue to a+10% fluctuation

0.8

0.6

0.4t

0.2

0.0

-0.2
60

70 75 80

T (K)

65

FIG. 7. Frequency dependence of the scaling expoti@ntat

B=6 T. The smooth line through the data is a guide to the eye, and

the arrow indicates the melting temperatdrg. Inset: phase dia-
gram withBy(T) andB,(T) lines.
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of Ly as a function of frequency. We see ti{éT) deviates describing our data. Available models are the collective pin-
from zero only a couple of degrees beloVy(B=6T) ning model for point defects, and the Bose-glass model for
=73.7+0.7 K, which is determined from nonlinear resistiv- Pinning on line defects. First, in the collective pinning model
ity 1-V curves at 100 Hz following conventional for point defects, Koshelev and Vinokur have estimated the
procedure€®?! That leaves a large portion of phase spacedependence ok on T and B in the vortex solid phase,
between the phase lind,(T) andBy(T) (inset of Fig. 7  predictions that can be tested directly from our data. From
where (c/\)2=B? and frequency independent, a range Fig. 5 (insey we find that the formn, <exp(—T/25 K) used
which we examine in this report. Details on the frequency-in Ref. 9 agrees well with our data. While Golosovskial.
dependent complex impedance and on the nonlinear lowtook this to be supportive of the applicability of the collec-

frequency conductivity in the vicinity of thBy, as well as  tive pinning model, we disagree. Since the model expects
the determination of the critical exponents and the magnitudg, o, (T=0) below T, and o xexp(-TYT3) aboveT,,

qf the correlation length and time of the transition are pub e conclude that the characteristic temperafyavould be
lished separatefy. larger than our highest temperature of 74.5 K in Fig. 3, if the
collective pinning model of point defects were to apply on
films. This, however, would mean th@, exceedgor coin-
IV. DISCUSSION cides with the melting transitionTy=73.7+0.7 K atB=6,
while the model expects the exponential behavior to signal
It is useful, at first, to extract some numbers from thethe softening of the vortex lattice at temperatures below
low-temperaturen; data, shown in Fig. ginse). An esti- Ty
mate for the maximunay comes from equating the pinning  ~ on the other hand, the Bose-glass model of Nelson and
energy per unit lengtti > mx5,,/2u0, for a cylindrical hole of  vinokur for pinning in line defects does not calculate
radius &, to the depth of the pinning wellJ,=a £25/2.  \2(T,B) explicitly. However, it predicts that the average
Then, a =H2m/ wy. With Hi~1.2 T atT=8 K, this yields vortex pinning energy isT*~10(Tc—T)=ay x2, for T
to a"*~3.6x 10° N/m?, which is a decade stronger than the < 95T ... The latter equality assumes that the range of pin-
observed, and apparently leaves some room for improvememng potential iS\/EXatF &(1—TITe) Y2 If so, then one

of the vortex pinning in films. Furthermore, can be con- finds @, =a, (T=0)(1-T/Tc)2 which is consistent with
verted to a critical current densify, by equating the Lorenz the data(inset in Fig. 5 ¢

force per unit lengthj cobo, to.the maximum pinning forcg The crossover between the linear and nonlinear behavior
per unit length,o £,,, assuming that the range of the pin- 2 . - .
ning potential is roughly equal to thab-plane coherence of )‘C_ vs B (inset in F|g._ L _prowdes another test for the
length £,,~14 A. With a, =6X10° N/m? this yields to thzeorles. Thezcollectlve flnnllng .theory prgdlcts'l'aITp tha'F
ico=42 MA/c?, which is reasonable for a good film. Thus, A\c*B until Ag exceeds\* which is not in disagreement with
the low-temperature data are quite reasonable and they argtfte data. The relatioB,~8(1—T/T¢) T for T<0.9T¢ ex-
that the model is correct and the film is of good quality. ~ Pected in the Bose-glass phase for linear defects spaced by
The observed temperature dependence of the Labusch pabout 200 A also agrees with the data. The analogous expres-
rameter indicates that the vorticese not independently sion for the planar defects is unclear, but it seems likely that
pinned in the defect structure of the films. The pinning en-2ll types of pinning centers are consistent with the experi-
ergy per unit length for a vortex core, sitting on a cylindrical mental crossover field. _ . _
defect of radius defed,p, is H27 &2, /2u> 12, which is The most interesting part of this study is the nonlinear
inconsistent with the decreasby a factor of 5 of «, be-  behavior of\g vs B. Experimentally, kc/\)?*B? in the
tween 8 and 55 K. On the other hand, point defects for vorhonlinear region. This increase falls short of the theoretical
tices singly pinned predict thatc is inversely proportional ~€xpectations for point defects. The KV predictiag(T,B
to the critical current in the film, a strong temperature depen=Bp)~\(T)exf (B/By)*?] expectsAi~270\? at 74.5 K
dence which is not observed. For reference, at 7883 K andB=3 T (taking a conservative valug,=1.5 T), where
andB=1 T, we measure a change of the critical currentswe measure only\é~4)\2. Keeping in mind that the KV
approximately by a factor of 10, to be compared with thetheoretical expressions quoted do not include higher-order
modest 10% change &f:/\ in the inset of Fig. 2. Further- effects that lead to the melting transition, like two-level sys-
more, the fact that, is field independent foB<B, (within  tems, the discrepancy with the data is even more compelling.
our experimental accuragyneans that the average pinning  We conclude that the vortex pinning centers are extended
potential acting on each new vortex is the same as that actingither than pointlike. Unfortunately, we do not have explicit
on all other vortices. As noted by Revenaral,'® this is  expressions ok (B, T) for other types of pinning defects.
inconsistent with the notion of a hierarchy of pinning ener-Since it has been shown from critical current measurements
gies in which each new vortex locates in the strongest availthat line defects are more effective pinning centers than point
able pinning site. It is likely that there is a spread of pinningdefects, they probably lead to milder increasea @f\ with
energies associated with qualitatively different pinning sitestemperature and field, that could match the behavior ob-
but new vortices distribute themselves in a vortex latticeserved. Detailed calculations of the inductive response for
across all these rather than filling the deepest sites first, smesoscopic disorder that incorporate thermal fluctuations are
that the average pinning site is independenBof the next step towards understanding the vortex pinning in
Models that study how a collection of vortices is pinnedcompeting types of disorder, as the ones which exist in thin
on the sample disorder are, thus, appropriate candidates féims.



53 VORTEX PINNING IN THE FROZEN VORTEX LATTICE N . .. 9459

ACKNOWLEDGMENTS work has been provided primarily by AFOSR-91-0188, and
We kindly acknowledge extended discussions with D.also by DOE Grant No. DE-FG02-90ER45427 through MIS-
Stroud, M. P. A. Fisher, and S. Hebboul. Support for thisCON.

*Present address: CNRS-CRTBT, BP 166, 38042 Grenoble cedeXR. A. Doyle, A. M. Campbell, and R. E. Somekh, Phys. Rev. Lett.

9, France. 71, 4241(1993.
1G. Blatter, M. V. Feige'man, V. B. Geshkenbein, A. I. Larkin, and "E. R. Ulmet al, Phys. Rev. B51, 9193(1999; S. J. Turneaure,
V. M. Vinokur, Rev. Mod. Phys66, 1125(1994. E. R. UlIm, and T. R. Lembergéunpublisheq

18D, S. Pyun, E. R. Ulm, and T. R. Lemberger, Phys. Re\3B
4140(1989.
7M. N. Kunchur, D. K. Christen, and J. M. Phillips, Phys. Rev.

2D. Nelson and V. M. Vinokur, Phys. Rev. 83, 13 060(1993.
3T. Hwa, D. Nelson, and V. M. Vinokur, Phys. Rev. 48, 1167

(1993, Lett. 70, 998 (1993.

L. Civale et al, Phys. Rev. Lett67, 648 (1991). 183, R. Clem and M. W. Coffey, Phys. Rev.5®, 470(1994).

W. K. Kwok et al, Phys. Rev. Lett69, 3370(1992. 19Extensive experimental work has been published on the subject,

H. K. Olssonet al, Phys. Rev. Lett66, 2661 (1997). including that in Refs. 6—8. General scaling arguments can re-

"Hui Wu, N. P. Ong, and Y. Q. Li, Phys, Rev. Leffl, 2642 late the value of the exponetitat the glass transitiof, to the
(1994). dynamical critical exponert of the transition[e.g., {=1/z in

the framework of the vortex-glass model atiet 3/(2z—1) in
the Bose glags Furthermore, numerical simulations of R. Sasik
and D. Stroud[Phys. Rev. Lett.73, 2662 (1994] for YBCO
have shown the existence of a melting transition wHsyedi-

8D. G. Xenikoset al,, Physica C235-240 2661(1994.
9M. Golosovskiet al, Phys. Rev. B50, 470 (1994).
105, Revenazt al, Phys. Rev. B50, 1178(1994.

A, E. Koshelev and V. M. Vinokur, Physica €73 465 (1991). verges ag—0.
2M. V. Feige'man and V. M. Vinokur, Phys. Rev. B1, 8986 2R H. Kochet al, Phys. Rev. Lett63, 1511(1989.
(1990. 21D, G. Xenikos, J.-T. Kim, and T. R. Lemberger, Phys. Rev®

13g. J. Tomlinson, P. Przyslupski, and J. E. Evetts, Cryoge3ics 7742 (1993; D. G. Xenikos and T. R. Lemberger, Physica B
28 (1993. 194-196 1913(1994).



