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Vortex correlation lengths and bundle sizes from voltage noise in YB&£u;0,
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(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 YB&u;O,, we show that at high temperatures, the bundle size grows with
the c-axis correlation length of pancake vortidgssiding in the Cu-O plangswhile 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 largeis correlation length is needed
for vortex-lattice freezing[S0163-182688)00509-9

INTRODUCTION c-axis correlation length of pancake vortices residing in in-
dividual bilayers. This, in turn, reinforces tlab-plane cor-
Since its introduction by Van Gurpyoltage noise asso- relation length and thus determines the average bundle size.
ciated with flux flow has been used to estimate flux-bundleAt low temperatures, the-axis correlation length exceeds
sizes in superconductors undergoing flux creep. The tradthe sample size and is thus irrelevant, but there is a need to
tional assumption of flux jumps with a single bundle sizeexplicitly include the bundle-size dependence and bundle
(i.e., number of Abrikosov vorticesand time duration is statistics. A sum oveall bundle sizes adequately follows the
attractive for its simplicity. The bundle size is proportional to temperature dependence 8§(0)/Vq., but experimentally,
S,(0)/Vq, whereS,(0) is the noise power spectrum in the S,(0)/V3, exhibits a strong thermal activation that the model
limit of zero frequency an¥ . is the time-averaged voltage. does not predict. We show that a consistent solution to this
The intervening years have seen much activity in this fielddilemma can be found by assuming there is a minimum
Clem addressédhe effect of changes of magnetic flux in the bundle size that can be activated at low temperature.
external measuring circuit due to flux creep in the sample.
He also developéd general theoretical framework in which FLUX-ELOW NOISE
flux motion was regarded in terms of rigid flux lines that
reduced the dimensionality of the problem to a two- For voltage pulses of equal magnitud¥, with an aver-
dimensional2D) one. Thompson and Joirtentroduced the  age frequency, and a Poisson distribution of pulse lengths
concept of “interruption of fluxoid motion by pinning cen- (with averager), the time-averaged voltagé,., and noise
ters,” which explicitedly included averages over the distancePower spectrunat frequencyw) S,(w), aré
the bundles move before being repinned, as well as their

size. This® together with Clem’s work$,are the starting Vyc=voVry, (1)
points for the present analysis of voltage-noise data in high- ) )
temperature superconductotBiTS’s). Concerns over the Sy(@) =4V SV 7o/ (1+ 0775 =S,(0)/(1+ 0°75). (2)

limitation of Clem’s theory to 2D are addressed by Placais For the motion of magnetic flux vortices in superconductors
and co-worker$, but this may not be as relevant to HTS's. nagn , >Up ’
a workable approximation to Clem’s modegjives

The reason is related to the long penetration length in HTS's,

compared to typical intervortex distances, which avoids the _ _

large field modulations of the flux lattice found in low- OV =uylw=l7o Wit /W, &

temperature superconductors. As such, vortex cores camhere® is the total flux movingw is the sample width in

move with little change in the field profile. As a example, the direction of flux flowwg(=<w) is the distance the bundle

vortex motion in HTS’s can occur independently by pancakemoves in the timer, at a velocityv, . Herev is theinstan-

vortex motior in individual Cu-O bilayers. Other significant taneousflux-flow velocity, which could be taken to be the

differences in HTS's include flux-lattice melting and the free-flux-flow velocity of Bardeen and Steph&but the re-

greater role of thermal fluctuations. sults that follow do not depend on its value. Measuring both
Fairly complete dafahave been obtained on epitaxial at the same current, a useful ratio is

films of YBa,CuO; for fields parallel to thec axis. Since

this experiment was done in the limit of small currents, i.e., Wi Wi

linear response, any flux-bundle correlations should closely Sv(o)/\/dc:45\/70:4W ®:4W bon, )

resemble those in thermal equilibrium. The data display a

noise peak vs temperature: it is field-dependent, corresince if ® has a single value, it is determined by this ratio,

sponds closely to the vortex-lattice melting lfnend sepa- within an uncertainty ofvy/w. Here, the number of Abriko-

rates two regimes. At higher temperatures, we present strorgpv vortex lines(of flux ¢q) in the moving flux bundle is

evidence that the interbilayer Josephson coupling energy)=®/¢,. If all bundles move across the entire sampigis

compared tkgT, determines the noise voltage by setting theconstant,wgy=w, and S,(0)/V4=26V7,. Equation(4) is

0163-1829/98/5()/55245)/$15.00 57 5524 © 1998 The American Physical Society



57 VORTEX CORRELATION LENGTHS AND BUNDLE SIZE . .. 5525

preferred because a distribution of pulse lengths is expected, 100000 ' ' - ' ' '
even though it will have a cutoff ato=w/vg and is not M;o‘
Poisson. . .

Real systems can also have a distribution of bundle sizes, 10000 F oW ® Lad f
and this introduces a complication into the above simple in- L 20N
terpretation ofn from S,(0)/V4.. Bigger bundles have a
larger relative effect org,(0) because of its quadratic de- =

pendence om, since ®=n/¢, in Egs. (1)—(3). Because s
thermal activation favors smaller bundles, the assumption of 100 | B=1 T ]
a constantv [needed for Eq(2)] will be invalid. For the N

layered high-temperature superconducting cuprates, one can ot
also decouple vortex lines along their length into shorter 10 Aol
segments, as small as 2D-pancake vortices in individual T
Cu-O layers(or more commonly in each strongly coupled l
Cu-O bilayey. 83 84 85 8 87 88 89 90

T (K)

1000 ¢ E

HIGH-TEMPERATURE MODEL . .
FIG. 1. The experimental data of Ref. 6 are presented in terms

At sufficiently high temperatures, the vortex lines canof the equivalent number of pancake vortices in bundles of a single
break up into segments that are shorter than the samphize, i.e.,ng®=S,(0)NVqJ(4s¢o/d). The high-temperature fit is to
thickness. The bundle size is best described by the number ()\fvﬁ/w)ngff from Eq. (7). Although the small,;, approximation to
pancake vorticesi,, treating the bilayers as a single unit. Eq. (16), essentially{t/e,(T)}? fits the low-temperature data rea-
Thenn, is affected by the-axis correlation length;, of the ~ sonably well, it fails to correctly predict the experimental
pancake vortices and E¢B) is modified to S, (0)/Vie

OV= go(nps/d)vg/w, (5 line, i.e.,d/s=130 for this sample. Therefore the bundles
Uclearly include in-plane nearest neighbors. The fit to &Y.
shown in Fig. 1, gives a prefacton(wg/w), whose magni-
Klude is too highly sensitive to the values offi.e., B¢,(0)]
d T, to be useful, butE;(T) in the exponent is deter-
ined quite reliably. The fit values ofE;(T)/(1—-t) are
shown in Fig. 2 to decrease with, consistent with Clem’s
model® of the Josephson energy as a function of separation
lc=s expE;(T,B)/kgT}. (6)  p between pancakes in neighboring bilayers. In this model,
the Josephson coupling energy crosses over fe@pﬁ for
Near Tc, E;(T,B)~(1-t—b), where b=B/B:,(0) and ,<,_toe pp. for p>p., wherep.=sh./\,p and\ are the
Be2(T)=Bc2(0) (1-t%) is the clean-limit upper critical penetration depths. A simple interpolation between these
field. AsE;(T,B) becomes comparable kgT, | can be less |imits is e;pp. /[ 1+ (p./p)]. The maximum energgi.e., the
than the sample size and the average bundle size should Bgyrier for thermal activationoccurd® at a separatiop,,, of
7(l/s)¢ where is of order 1-3. This is physically intu- apout one vortex spacing,, since for larger separations,

itive: the collective effect of a increasing correlation lengthflyx cutting and realignment is energetically favorable.
in one direction can strengthen the correlation in other direc-

whered is the sample thickness along the experimental fiel
direction, i.e., perpendicular to the Cu-O bilayers anslthe
bilayer repeat distance. Considering the probability of brea
ing the Josephson bond between pancakes in neighbori
Cu-O bilayers] . should depend on the Josephson couplin
energyE;(T,B) as

tions as well. Then, 600 ;
S Wy
SU(O)/VdC:4a W bon expLE;(T)/KgT} 500 ¢
"; 400
S Wy x b 1
E4a W ¢On;ﬁ. (7)
300}

Note that pinning at high temperatures is so weak, going as

CE(TY (1-t)/

(1-t*—b)?, that it can be ignored compared E(T,B) _ 200}
~(1—-t—b): itis not a bottleneck in the process.
100}
COMPARISON WITH HIGH-TEMPERATURE DATA
0 1 3 1 1

The experimental data of Ref. 6 are presented in Fig. 1 in 0 2 4 6 8 10
terms of the equivalent number of pancake vortices in B(T)
bundles of a single size, I.engx":SJ(O)Ndc/{4s¢>0/d}, FIG. 2. The field dependence of the Josephson coupling energy

which can be compared withwg/w) nS“ from Eq. (7). The  of pancake vortices in adjacent Cu-O bilayers. The solid line is a fit
high-temperature data in Fig. 1 shows that the number ofo the interpolation formula in the text between the limits of the
pancake vortices),, rises to many times that for one vortex Clem model(Ref. 10.
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Thus? p,,~ag~/éo/B. The relatively small anisotropy of gives a pinning activation energy, divided kyT, to be of a
Ac/Ngp IN YBa,CuO; leads to fairly large crossover fields, (random-walk averaggorm:*

compared to the highly-anisotropic Bi and Tl-based cuprates

where the 1 dependence o&;p?, is valid™ over a wide u(n, T)=ne,(T/t, C)
range ofB.

In Fig. 2, the solid curve fit¢E;(T,B)/(1—1) to the in-
terpolation formula withp=p,,. The first parameterp,
gives A /N5~ 19, which is larger than the commonly ac-
cepted valu& of ~7-8 for fully oxygenated YB#u0;.
This discrepancy could result from a highly distorted vortex _ IV IRY)
lattice due to strong pinning, for whigh,<ag, and/or from op(T)=2p(0)(1-1"=D)" (10
the films being oxygen deficieriT ;=89.6 K is below opti- Because the in-plane interaction energy of the burtttie
mal doping which increases\;/\,,. The fit also gives a shear deformationsis proportional to the condensation
field-independentlosephson energy per area &;(T)/(1  energy® times its perimeter, i.ey/n(1—t2>—b)?, it will just
—1t)~1800uJ/n?. Other measurements ef(T)/(1—t) in- rescales ,(0). Finally, at sufficiently low temperatures,
dicate value of ~2000uJ/n? for a moderate oxygen de-
ficiency with T.~74 K, while for largish oxygen 7=(1lvg)exgfu(n,T)}. 11
deficiencie$®*(T,~60 K), it is ~35—100uJ/n?. Thus the
fit is consistent withy ~ 1. The excellent fits to this model in Combining these witlD(n) results in
Figs. 1 and 2, with reasonable. /), and g;(T), indicate

where the bundle has vortex lines with an average pinning
energy, normalized tkgT., of £,(T) andt=T/T.. Assum-
ing the defects are smaller than the coherence le§giten
the average pinning energy for a vortex line is defined by

that it correctly describes the high-temperature vortex dy- Ve Uit & E D(n)n (12)
namics. ™ w Y04 1+ (vere) T explu(n, T}’
2 2
LOW-TEMPERATURE MODEL _ Al 7oD(n)n
| | S“(O)“‘(w “”0) 2 Ty T expun ]
To go beyond the single-bundle-size model at low tem- (13)

peratures introduces two new unknown paramet&s),
the density-of-states of bundles of sizeand the flux-jump recalling thatro=wy /v . For a single bundle size, we re-
attempt frequencywy,. In summing both/4. andS,(0) over  cover Eq.(4).
bundle sizes, the main complication is arriving at an effec- To proceed further we need(n). Note that for Eq(12)
tive D(n). Some assumptions are required to make progres® recover the Bardeen-StepAeesult for free flux flow(in
since little is known aboubD(n) and v, or their temperature which the denominator equals gneequires a normalization
and field dependences, while it is the systematics of theseondition of % ,D(n)n=N, whereN is the total number of
noise-voltage dependences which are the most intriguing anebrtex lines in the sample, i.d.,, w B/ ¢y, wherel, is the
potentially insightful. Expressions are derived below forsample length between voltage contacts. It is unclear how
S,(0) andVy,, and contributions to these have maxima as ahis result affects the thermally activated case. The limit of
function of bundle size because of the cutoff imposed byconstantD(n) may be unrealistic, and we will rather assume
thermal activation. Assuming a reasonably simple functionathatD(n)=D(1)/n (from n=1 up to the limit of the sample
form for D(n), the results are virtually the same by integrat- size. Fortunately, our ignorance abofX 1) and v, can be
ing over all values ofn or by using the value ofh at the mitigated by again taking the rat,(0)/V4., as can be seen
maxima. These results adequately follow the temperature déa what follows. Converting the sums in Eq42) and(13) to
pendence 08,(0)/Vy., but experimentallyS,(0)/V5. ex-  integrals gives elementary forms in the low-temperature limit
hibits a strong thermal activation that would require an un-of thermal activation, i.e., if the one in their denominators of
reasonable thermal activation of,. We find a consistent can be neglected. This is justifiable except very neas
solution to this dilemma by assuming that at low temperawheree (T) goes to zerdbut then the exponential form for
tures, the integration is cut off at a minimum bundle size thathermal activatiofEq. (11)] is dubiou$. Presuming thaivi
can be activated. andv, are, at most, weakly dependent opone finds

Before addressing those issues, some useful expressions

are delineated. First, w Umax
Vet gorep(1) [ Manexs-w) (14
Umin

v=1/(7+7p), (8
1) umaxdn nexp —u). (15

Umin

Wit 2
where 7 is a waiting time between pulses that depends on S”(O)_4(W ¢°> VoD
thermal activation over some potential energy barrier that
increases with bundle size. In principle, the energy barrieFrom Eq.(9), dn={t/e,(T)}* 2u du, and the integrals of
includes pinning and vortex-vortex interactiofisoth in-  Eqgs. (14) and (15) are, respectively,—2{t/z,(T)}*(1
plane due to circulating currents and interbilayer due to Jo=u)exp(—u) and —2{t/e,(T)}*(6+6u-+3u’+u)exp(-u),
sephson coupling). At low temperatures, Josephson cou-both to be evaluated betweeg,, and U pay.
pling is strong and vortex lines prevail. Due to the random In the low-temperature case considered herg(T) is
spatial distribution of pinning centers, the statistical sumlarge, sou,,,1, and
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135 . L FIG. 4. The field dependence of the average pinning energy
0 0.05 s g 01 0.15 scale times the square root of the minimum bundle size, obtained
(1-t°-b)°/t from S,(0)/V2.in Eq.(17) (squaresand fromV . in Eq. (18) (solid

I 5 . circles. The lines are least-squares fits to the power laws.
FIG. 3. Thermal activation 08,(0)/Vg. The abcissa also ac-

counts for the expected temperature dependeneg(d) [see Egs.

(9) and(10)]. again, to be evaluated at=u,,,. Then assuming,,, and

wg are also, at most, weakly temperature dependent, Egs.
(17) and (18) are fit [recalling Egs.(9) and (10)], respec-

+6u+3u?+ud : o di :
SU(O)/VdC=4Vﬁ ¢o{t/8p(T)}2 6+6u+3u+u tively, by \/nminsp(0)~1_70 and 260.. That_ this difference is
w 1+u less than a factor of 2 is encouraging. Simgg, ande,(0)
w are separable in Ed16), an estimate is possible by fitting
E4Wﬁ don®™, (16p  n°"to the magnitude ofd/s) ny® with a suitableu=up,,

and in this case, an average of the above, \@umne,(0)

with u=u,,. To lowest order iru,,,, the effective bundle ~215, is gsed. Then the value WSP(T)}Z fr."”."' the fit to
sizen® is found to be Qt/SP(T)}2+3nmin, so that two un-  EU- (16 glve'sn,.nm~28 W/ Wy vortex Imes. This indicates an
determined parameters are needed. To overcome this, ndi¥€'@ge pinning strengthper  bilayer pancake of
that S, (0)/V3. only involvesu i, : S/dE,(0)~ (320 K)ywi/w. .
The presumption of this procedure is that the temperature
dependence is mostly set by exponential thermal activation.
, (170 Therefore, the parameters, for which fixed values were de-
rived by fitting over a range of temperatures, should not be
interpreted as being constant over that temperature interval.
Instead these fixed values should be regarded as an approxi-
mate average, over that temperature interval, of the weakly-
temperature-dependent physical quantities they represent.
The same analysis is repeated at the other fields where
COMPARISON WITH LOW-TEMPERATURE DATA S,(0) andVy4, were measure@®, 4, and 8 J. The values of

[RMIN H H
The experimental data of Fig. 1 gives the equivalent num- n™"e,(0), from Eqs(17) and(18), are shown in Fig. 3. The

. - 708 - - . ._
ber of pancake vortices in bundles of a single size, e 2Verage drops with field asB" "~ implying smaller mini

. ..~ mum bundle size at higher fields. At first, this seems incon-
exp_ ’
Np S(OWycl{4séo/d}, which can be compared with sistent with the expectation that the stronger in-plane vortex-

(dwy /.SW) neff from Eq. (16 a'_[ I.OW temperatures._ It is vortex interactions at higher fields would increase the bundle
tempting to simply pass to the limit of very smallki,, €., g0 “However, it is the standard result folrdin low-

one vortex line, in E9(1§)’ especially since the f't. in Fig. 1 temperature superconductors. Given the complexities associ-
shows that{t/e(T)}“ gives a good representation of the ated with the configurations of flux lines in a system of
temperature dependence $§(0)/Vy;. However, as can be highly-disordered pinning sites, it is unlikely that a simple

g ; 2
seen in Fig. 3, the experiment8|(0)/Vg are strongly 'thaYr- understanding of this result is presently possible.
mally activated, so consistency with E4.7) would requiré

an unreasonable thermal activation igyD(1). Instead, as-
suming thatvy and D(1) are, at most, weakly temperature SENSITIVITY TO D(n)

dependent, the solid lines in Fig. 3 are fits to Ety) of the It is important to understand how these results depend on
temperature dependencé S,(0)/V3; and the resulting pa- our assumption for the unknown density of stat®én). If
rameter is plotted as the squares in Fig. 4. As an importanp(n) is assumed to be constant in E¢s2) and(13), rather
consistency check, the same is done¥gg, for which Eq.  thanD(1)/n, then the integral in Eq(15) is the appropriate
(14) gives one forVy and the integral oh?, which is appropriate for
S,(0), is —2{t/e,(T)}°(120+120u+ 24u?+6u+3u*
+u®)exp(—u). There are only minor changes in the above
analysis, and from Eq€17) and (18), Vnyie,(0) are both

2 6+6u-+3u®+ud
voD(1) (1+u)?

S,(0)/Vi=

exp(u)

since at low temperature bo8)(0) andV,. are evaluated at
U= Up,. Fitting u,, to thetemperature dependencelimi-
nates the unknown prefactor in E{.7)

Wit |11+u
Vac=2- ovoD(LN™ —o—exp(—u)|, (18
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about twice as big. The truth may lie somewhere betweefK, consistent with a first-order transitioh,/s did not di-
these simple forms, but the overall consistency of the modelerge, but became-13.5 at the freezing transitiof®.1 T).

does not depend strongly on our choice ). Calculations including Josephson coupling would be most
welcome.
SUMMARY Another interesting conclusion is that a minimum flux-

o S ) bundle size exists for low-temperature flux creep. The
Perhaps the most _S|gn|f|cant_ |mpI|cat|0n_ of this work strongly activated behavior Cﬁv(o)/Vﬁc seems to dictate
comes from the potential connection of the h|gh-temperatur@nis conclusion. It is somewhat surprising since in the very

results to flux-lattice melting:'* Since the experiment was simple picture presented above the interaction and pinning
done in 'Fhe limit of small currents, i.e., linear response, theenergies both scale aﬁ(l—tz—b)z. Intuitively one might
bundle SIzes found clc_)sely resemble the corr(_elatlons In theréxpect that the detailed situation is more complicated and the
mal equilibrium. The increase of the correlation volume Ofdata seem to support this. It may be that both the random

pancake vortices is seen to be controlled by ¢hexis cor- spatial distribution of pointlike pinning defects and the occa-

re'a“of‘ Iength through the J.osephson. coupling energy. Thgional occurance of extended defects conspire to disfavor a
collective reinforcement of this correlation throughout #ie significant number of flux jumps by small bundles

planes can then lead to an ordered solid. The melting entropy
found® in low-pinning single crystals is too large for melting
into a liquid of vortex lines, but may be consistent with melt-
ing into pancake vortice®. A possibility presented here is
that vortex-lattice freezing only occurs for a sufficiently long  The author thanks David Steel, Jeff Hettinger, and D. Er-
c-axis correlation length of pancake bundles. tas for helpful discussions and insights. This research is sup-

This idea is implicit in the first-principles, density- ported by the U.S. Department of Energy, Basic Energy Sci-
functional theor¢® of flux-lattice melting. Although the cal- ences, Materials Sciences, Energy Efficiency and Renewable
culations were explicitedly for BEr,CaCyOg and Joseph- Energy, as part of a program to develop electric power tech-
son interlayer coupling was ignored, a qualitative, field-andhology, under Contract No. W-31-109-ENG-38, and the Na-
temperature-dependent increase in thv@xis correlation tional Science Foundation, Office of Science and Technol-
lengthl. was foundin the liquid phaseFor example, at 30 ogy Centers under Contract No. DMR 91-20000.
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