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Vortex correlation lengths and bundle sizes from voltage noise in YBa2Cu3O7

K. E. Gray
Materials Sciences Division, Argonne National Laboratory, Argonne, Illinois 60439

~Received 20 August 1997!

Voltage noise is one way to estimate flux-bundle sizes in superconductors undergoing flux creep. Modeling
such data from epitaxial films of YBa2Cu3O7, we show that at high temperatures, the bundle size grows with
thec-axis correlation length of pancake vortices~residing in the Cu-O planes!, while at low temperatures, flux
creep is consistent with vortex-line bundles which are larger than a minimum size. The separation of these
regimes is roughly at the vortex-lattice melting line, implying that a largec-axis correlation length is needed
for vortex-lattice freezing.@S0163-1829~98!00509-8#
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INTRODUCTION

Since its introduction by Van Gurp,1 voltage noise asso
ciated with flux flow has been used to estimate flux-bun
sizes in superconductors undergoing flux creep. The tr
tional assumption of flux jumps with a single bundle si
~i.e., number of Abrikosov vortices! and time duration is
attractive for its simplicity. The bundle size is proportional
Sv(0)/Vdc, whereSv(0) is the noise power spectrum in th
limit of zero frequency andVdc is the time-averaged voltage
The intervening years have seen much activity in this fie
Clem addressed2 the effect of changes of magnetic flux in th
external measuring circuit due to flux creep in the samp
He also developed2 a general theoretical framework in whic
flux motion was regarded in terms of rigid flux lines th
reduced the dimensionality of the problem to a tw
dimensional~2D! one. Thompson and Joiner3 introduced the
concept of ‘‘interruption of fluxoid motion by pinning cen
ters,’’ which explicitedly included averages over the distan
the bundles move before being repinned, as well as t
size. This,3 together with Clem’s works,2 are the starting
points for the present analysis of voltage-noise data in h
temperature superconductors~HTS’s!. Concerns over the
limitation of Clem’s theory2 to 2D are addressed by Placa
and co-workers,4 but this may not be as relevant to HTS’
The reason is related to the long penetration length in HT
compared to typical intervortex distances, which avoids
large field modulations of the flux lattice found in low
temperature superconductors. As such, vortex cores
move with little change in the field profile. As a examp
vortex motion in HTS’s can occur independently by panca
vortex motion5 in individual Cu-O bilayers. Other significan
differences in HTS’s include flux-lattice melting and th
greater role of thermal fluctuations.

Fairly complete data6 have been obtained on epitaxi
films of YBa2Cu3O7 for fields parallel to thec axis. Since
this experiment was done in the limit of small currents, i.
linear response, any flux-bundle correlations should clos
resemble those in thermal equilibrium. The data displa
noise peak vs temperature: it is field-dependent, co
sponds closely to the vortex-lattice melting line7 and sepa-
rates two regimes. At higher temperatures, we present st
evidence that the interbilayer Josephson coupling ene
compared tokBT, determines the noise voltage by setting t
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c-axis correlation length of pancake vortices residing in
dividual bilayers. This, in turn, reinforces theab-plane cor-
relation length and thus determines the average bundle
At low temperatures, thec-axis correlation length exceed
the sample size and is thus irrelevant, but there is a nee
explicitly include the bundle-size dependence and bun
statistics. A sum overall bundle sizes adequately follows th
temperature dependence ofSv(0)/Vdc, but experimentally,
Sv(0)/Vdc

2 exhibits a strong thermal activation that the mod
does not predict. We show that a consistent solution to
dilemma can be found by assuming there is a minim
bundle size that can be activated at low temperature.

FLUX-FLOW NOISE

For voltage pulses of equal magnitudedV, with an aver-
age frequencyv, and a Poisson distribution of pulse lengt
~with average,t0!, the time-averaged voltageVdc, and noise
power spectrum~at frequency,v! Sv(v), are8

Vdc5ndVt0 , ~1!

Sv~v!54VdcdVt0 /~11v2t0
2!5Sv~0!/~11v2t0

2!. ~2!

For the motion of magnetic flux vortices in superconducto
a workable approximation to Clem’s model2 gives

dV5Fv ff /w5F/t0 wff /w, ~3!

whereF is the total flux moving,w is the sample width in
the direction of flux flow,wff(<w) is the distance the bundl
moves in the timet0 at a velocityv ff . Herev ff is theinstan-
taneousflux-flow velocity, which could be taken to be th
free-flux-flow velocity of Bardeen and Stephen,9 but the re-
sults that follow do not depend on its value. Measuring b
at the same current, a useful ratio is

Sv~0!/Vdc54dVt054
wff

w
F54

wff

w
f0n, ~4!

since if F has a single value, it is determined by this rat
within an uncertainty ofwff /w. Here, the number of Abriko-
sov vortex lines~of flux f0! in the moving flux bundle is
n5F/f0 . If all bundles move across the entire sample,t0 is
constant,wff5w, and Sv(0)/Vdc52dVt0 . Equation~4! is
5524 © 1998 The American Physical Society
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57 5525VORTEX CORRELATION LENGTHS AND BUNDLE SIZES . . .
preferred because a distribution of pulse lengths is expec
even though it will have a cutoff att05w/v ff and is not
Poisson.

Real systems can also have a distribution of bundle si
and this introduces a complication into the above simple
terpretation ofn from Sv(0)/Vdc. Bigger bundles have a
larger relative effect onSv(0) because of its quadratic de
pendence onn, since F5n/f0 in Eqs. ~1!–~3!. Because
thermal activation favors smaller bundles, the assumptio
a constantn @needed for Eq.~2!# will be invalid. For the
layered high-temperature superconducting cuprates, one
also decouple vortex lines along their length into shor
segments,5 as small as 2D-pancake vortices in individu
Cu-O layers~or more commonly in each strongly couple
Cu-O bilayer!.

HIGH-TEMPERATURE MODEL

At sufficiently high temperatures, the vortex lines c
break up into segments that are shorter than the sam
thickness. The bundle size is best described by the numb
pancake vorticesnp , treating the bilayers as a single un
Thennp is affected by thec-axis correlation lengthl c , of the
pancake vortices and Eq.~3! is modified to

dV5f0~nps/d!v ff /w, ~5!

whered is the sample thickness along the experimental fi
direction, i.e., perpendicular to the Cu-O bilayers ands is the
bilayer repeat distance. Considering the probability of bre
ing the Josephson bond between pancakes in neighbo
Cu-O bilayers,l c should depend on the Josephson coupl
energyEj (T,B) as

l c5s exp$Ej~T,B!/kBT%. ~6!

Near Tc , Ej (T,B);(12t2b), where b[B/Bc2(0) and
Bc2(T)5Bc2(0) (12t2) is the clean-limit upper critica
field. AsEj (T,B) becomes comparable tokBT, l c can be less
than the sample size and the average bundle size shou
h( l c /s)z where z is of order 1–3. This is physically intu
itive: the collective effect of a increasing correlation leng
in one direction can strengthen the correlation in other dir
tions as well. Then,

Sv~0!/Vdc54
s

d

wff

w
f0h exp$zEj~T!/kBT%

[4
s

d

wff

w
f0np

eff . ~7!

Note that pinning at high temperatures is so weak, going
(12t22b)2, that it can be ignored compared toEj (T,B)
;(12t2b): it is not a bottleneck in the process.

COMPARISON WITH HIGH-TEMPERATURE DATA

The experimental data of Ref. 6 are presented in Fig. 1
terms of the equivalent number of pancake vortices
bundles of a single size, i.e.,np

exp5Sv(0)/Vdc/$4sf0/d%,
which can be compared with (wff /w) np

eff from Eq. ~7!. The
high-temperature data in Fig. 1 shows that the numbe
pancake vortices,np , rises to many times that for one vorte
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line, i.e., d/s5130 for this sample. Therefore the bundl
clearly include in-plane nearest neighbors. The fit to Eq.~7!,
shown in Fig. 1, gives a prefactor,h(wff /w), whose magni-
tude is too highly sensitive to the values ofb @i.e., Bc2(0)#
and Tc to be useful, butzEj (T) in the exponent is deter
mined quite reliably. The fit values ofzEj (T)/(12t) are
shown in Fig. 2 to decrease withB, consistent with Clem’s
model10 of the Josephson energy as a function of separa
r between pancakes in neighboring bilayers. In this mod
the Josephson coupling energy crosses over fromejr

2 for
r!rc to ejrrc for r@rc , whererc5slc /lab andl are the
penetration depths. A simple interpolation between th
limits is ejrrc /@11(rc /r)#. The maximum energy~i.e., the
barrier for thermal activation! occurs11 at a separationrm of
about one vortex spacinga0 , since for larger separations
flux cutting and realignment is energetically favorab

FIG. 2. The field dependence of the Josephson coupling en
of pancake vortices in adjacent Cu-O bilayers. The solid line is a
to the interpolation formula in the text between the limits of t
Clem model~Ref. 10!.

FIG. 1. The experimental data of Ref. 6 are presented in te
of the equivalent number of pancake vortices in bundles of a sin
size, i.e.,np

exp5Sv(0)/Vdc/(4sf0/d). The high-temperature fit is to
(wff /w)np

eff from Eq. ~7!. Although the smallumin approximation to
Eq. ~16!, essentially$t/«p(T)%2, fits the low-temperature data rea
sonably well, it fails to correctly predict the experiment
Sv(0)/Vdc

2 .
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5526 57K. E. GRAY
Thus11 rm;a0;Af0 /B. The relatively small anisotropy o
lc /lab in YBa2Cu3O7 leads to fairly large crossover fields
compared to the highly-anisotropic Bi and Tl-based cupra
where the 1/B dependence ofejrm

2 is valid11 over a wide
range ofB.

In Fig. 2, the solid curve fitszEj (T,B)/(12t) to the in-
terpolation formula withr5rm . The first parameter,rc ,
gives lc /lab;19, which is larger than the commonly a
cepted value12 of ;7 – 8 for fully oxygenated YBa2Cu3O7.
This discrepancy could result from a highly distorted vort
lattice due to strong pinning, for whichrm,a0 , and/or from
the films being oxygen deficient~Tc589.6 K is below opti-
mal doping! which increaseslc /lab . The fit also gives a
field-independentJosephson energy per area ofzej (T)/(1
2t);1800mJ/m2. Other measurements ofej (T)/(12t) in-
dicate values13 of ;2000mJ/m2 for a moderate oxygen de
ficiency with Tc;74 K, while for largish oxygen
deficiencies13,14(Tc;60 K), it is ;35– 100mJ/m2. Thus the
fit is consistent withz;1. The excellent fits to this model in
Figs. 1 and 2, with reasonablelc /lab and ej (T), indicate
that it correctly describes the high-temperature vortex
namics.

LOW-TEMPERATURE MODEL

To go beyond the single-bundle-size model at low te
peratures introduces two new unknown parameters:D(n),
the density-of-states of bundles of sizen, and the flux-jump
attempt frequency,n0 . In summing bothVdc andSv(0) over
bundle sizes, the main complication is arriving at an eff
tive D(n). Some assumptions are required to make prog
since little is known aboutD(n) andn0 or their temperature
and field dependences, while it is the systematics of th
noise-voltage dependences which are the most intriguing
potentially insightful. Expressions are derived below f
Sv(0) andVdc , and contributions to these have maxima a
function of bundle size because of the cutoff imposed
thermal activation. Assuming a reasonably simple functio
form forD(n), the results are virtually the same by integra
ing over all values ofn or by using the value ofn at the
maxima. These results adequately follow the temperature
pendence ofSv(0)/Vdc, but experimentally,Sv(0)/Vdc

2 ex-
hibits a strong thermal activation that would require an u
reasonable thermal activation ofn0 . We find a consisten
solution to this dilemma by assuming that at low tempe
tures, the integration is cut off at a minimum bundle size t
can be activated.

Before addressing those issues, some useful expres
are delineated. First,

n51/~t1t0!, ~8!

where t is a waiting time between pulses that depends
thermal activation over some potential energy barrier t
increases with bundle size. In principle, the energy bar
includes pinning and vortex-vortex interactions~both in-
plane due to circulating currents and interbilayer due to
sephson coupling10!. At low temperatures, Josephson co
pling is strong and vortex lines prevail. Due to the rando
spatial distribution of pinning centers, the statistical su
s
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gives a pinning activation energy, divided bykBT, to be of a
~random-walk average! form:15

u~n,T!5An«p~T!/t, ~9!

where the bundle hasn vortex lines with an average pinnin
energy, normalized tokBTc , of «p(T) andt[T/Tc . Assum-
ing the defects are smaller than the coherence lengthj, then
the average pinning energy for a vortex line is defined b

«p~T!5«p~0!~12t22b!2. ~10!

Because the in-plane interaction energy of the bundle~for
shear deformations! is proportional to the condensatio
energy16 times its perimeter, i.e.,An(12t22b)2, it will just
rescale«p(0). Finally, at sufficiently low temperatures,

t5~1/n0!exp$u~n,T!%. ~11!

Combining these withD(n) results in

Vdc5
v ff

w
f0(

n

D~n!n

11~n0t0!21 exp$u~n,T!%
, ~12!

Sv~0!54S v ff

w
f0D 2

(
n

t0D~n!n2

11~n0t0!21 exp$u~n,T!%
,

~13!

recalling thatt05wff /v ff . For a single bundle size, we re
cover Eq.~4!.

To proceed further we needD(n). Note that for Eq.~12!
to recover the Bardeen-Stephen9 result for free flux flow~in
which the denominator equals one!, requires a normalization
condition of SnD(n)n5N, whereN is the total number of
vortex lines in the sample, i.e.,l v w B/f0 , wherel v is the
sample length between voltage contacts. It is unclear h
this result affects the thermally activated case. The limit
constantD(n) may be unrealistic, and we will rather assum
thatD(n)5D(1)/n ~from n51 up to the limit of the sample
size!. Fortunately, our ignorance aboutD(1) and n0 can be
mitigated by again taking the ratioSv(0)/Vdc, as can be seen
in what follows. Converting the sums in Eqs.~12! and~13! to
integrals gives elementary forms in the low-temperature li
of thermal activation, i.e., if the one in their denominators
can be neglected. This is justifiable except very nearTc ,
where«p(T) goes to zero$but then the exponential form fo
thermal activation@Eq. ~11!# is dubious%. Presuming thatwff
andv0 are, at most, weakly dependent onn, one finds

Vdc5
wff

w
f0n0D~1!E

umin

umax
dn exp~2u! ~14!

Sv~0!54S wff

w
f0D 2

n0D~1!E
umin

umax
dn n exp~2u!. ~15!

From Eq.~9!, dn5$t/«p(T)%2 2u du, and the integrals of
Eqs. ~14! and ~15! are, respectively,22$t/«p(T)%2(1
1u)exp(2u) and 22$t/«p(T)%4~616u13u21u3)exp(2u),
both to be evaluated betweenumin andumax.

In the low-temperature case considered here,«p(T) is
large, soumax@1, and
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Sv~0!/Vdc54
wff

w
f0$t/«p~T!%2

616u13u21u3

11u

[4
wff

w
f0neff, ~16!

with u5umin . To lowest order inumin , the effective bundle
sizeneff is found to be 6$t/«p(T)%213nmin, so that two un-
determined parameters are needed. To overcome this,
that Sv(0)/Vdc

2 only involvesumin :

Sv~0!/Vdc
2 5

2

n0D~1! F616u13u21u3

~11u!2 exp~u!G , ~17!

since at low temperature bothSv(0) andVdc are evaluated a
u5umin . Fitting umin to the temperature dependence, elimi-
nates the unknown prefactor in Eq.~17!

COMPARISON WITH LOW-TEMPERATURE DATA

The experimental data of Fig. 1 gives the equivalent nu
ber of pancake vortices in bundles of a single size, i
np

exp5Sv(0)/Vdc/$4sf0/d%, which can be compared with
(dwff /sw) neff from Eq. ~16! at low temperatures. It is
tempting to simply pass to the limit of very smallumin , i.e.,
one vortex line, in Eq.~16!, especially since the fit in Fig. 1
shows that$t/«p(T)%2 gives a good representation of th
temperature dependence ofSv(0)/Vdc. However, as can be
seen in Fig. 3, the experimentalSv(0)/Vdc

2 are strongly ther-
mally activated, so consistency with Eq.~17! would require17

an unreasonable thermal activation forn0D(1). Instead, as-
suming thatn0 andD(1) are, at most, weakly temperatu
dependent, the solid lines in Fig. 3 are fits to Eq.~17! of the
temperature dependenceof Sv(0)/Vdc

2 and the resulting pa
rameter is plotted as the squares in Fig. 4. As an impor
consistency check, the same is done forVdc, for which Eq.
~14! gives

Vdc52
wff

w
f0n0D~1!nminF11u

u2 exp~2u!G , ~18!

FIG. 3. Thermal activation ofSv(0)/Vdc
2 . The abcissa also ac

counts for the expected temperature dependence of«p(T) @see Eqs.
~9! and ~10!#.
ote

-
.,

nt

again, to be evaluated atu5umin . Then assumingnmin and
wff are also, at most, weakly temperature dependent, E
~17! and ~18! are fit @recalling Eqs.~9! and ~10!#, respec-
tively, by Anmin«p(0);170 and 260. That this difference i
less than a factor of 2 is encouraging. Sincenmin and«p(0)
are separable in Eq.~16!, an estimate is possible by fittin
neff to the magnitude of (d/s) np

exp with a suitableu5umin ,
and in this case, an average of the above, i.e.,Anmin«p(0)
;215, is used. Then the value of$t/«p(T)%2 from the fit to
Eq. ~16! givesnmin;28 w/wff vortex lines. This indicates an
average pinning strengthper bilayer pancake of
As/dEp(0);(320 K)Awff /w.

The presumption of this procedure is that the tempera
dependence is mostly set by exponential thermal activat
Therefore, the parameters, for which fixed values were
rived by fitting over a range of temperatures, should not
interpreted as being constant over that temperature inte
Instead these fixed values should be regarded as an app
mate average, over that temperature interval, of the wea
temperature-dependent physical quantities they represen

The same analysis is repeated at the other fields wh
Sv(0) andVdc were measured~2, 4, and 8 T!. The values of
Anmin«p(0), from Eqs.~17! and~18!, are shown in Fig. 3. The
average drops with field as;B20.8, implying smaller mini-
mum bundle size at higher fields. At first, this seems inc
sistent with the expectation that the stronger in-plane vort
vortex interactions at higher fields would increase the bun
size. However, it is the standard result found1,18 in low-
temperature superconductors. Given the complexities ass
ated with the configurations of flux lines in a system
highly-disordered pinning sites, it is unlikely that a simp
understanding of this result is presently possible.

SENSITIVITY TO D„n…

It is important to understand how these results depend
our assumption for the unknown density of states,D(n). If
D(n) is assumed to be constant in Eqs.~12! and~13!, rather
thanD(1)/n, then the integral in Eq.~15! is the appropriate
one forVdc and the integral ofn2, which is appropriate for
Sv(0), is 22$t/«p(T)%6(1201120u124u216u313u4

1u5)exp(2u). There are only minor changes in the abo
analysis, and from Eqs.~17! and ~18!, Anmin«p(0) are both

FIG. 4. The field dependence of the average pinning ene
scale times the square root of the minimum bundle size, obta
from Sv(0)/Vdc

2 in Eq. ~17! ~squares! and fromVdc in Eq. ~18! ~solid
circles!. The lines are least-squares fits to the power laws.
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5528 57K. E. GRAY
about twice as big. The truth may lie somewhere betw
these simple forms, but the overall consistency of the mo
does not depend strongly on our choice forD(n).

SUMMARY

Perhaps the most significant implication of this wo
comes from the potential connection of the high-tempera
results to flux-lattice melting.7,12 Since the experiment wa
done in the limit of small currents, i.e., linear response,
bundle sizes found closely resemble the correlations in t
mal equilibrium. The increase of the correlation volume
pancake vortices is seen to be controlled by thec-axis cor-
relation length through the Josephson coupling energy.
collective reinforcement of this correlation throughout theab
planes can then lead to an ordered solid. The melting entr
found19 in low-pinning single crystals is too large for meltin
into a liquid of vortex lines, but may be consistent with me
ing into pancake vortices.20 A possibility presented here i
that vortex-lattice freezing only occurs for a sufficiently lon
c-axis correlation length of pancake bundles.

This idea is implicit in the first-principles, density
functional theory21 of flux-lattice melting. Although the cal-
culations were explicitedly for Bi2Sr2CaCu2O8 and Joseph-
son interlayer coupling was ignored, a qualitative, field-a
temperature-dependent increase in thec-axis correlation
length l c was foundin the liquid phase. For example, at 30
g,

an

.
dy

,

et
n
el

re

e
r-
f

e

py

d

K, consistent with a first-order transition,l c /s did not di-
verge, but became;13.5 at the freezing transition~0.1 T!.
Calculations including Josephson coupling would be m
welcome.

Another interesting conclusion is that a minimum flu
bundle size exists for low-temperature flux creep. T
strongly activated behavior ofSv(0)/Vdc

2 seems to dictate
this conclusion. It is somewhat surprising since in the ve
simple picture presented above the interaction and pinn
energies both scale asAn(12t22b)2. Intuitively one might
expect that the detailed situation is more complicated and
data seem to support this. It may be that both the rand
spatial distribution of pointlike pinning defects and the occ
sional occurance of extended defects conspire to disfav
significant number of flux jumps by small bundles.
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