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High dynamic exponents in vortex glass transitions: Dependence of critical scaling
on the electric-field range
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~Received 10 May 1999; revised manuscript received 9 July 1999!

We measured the dynamic response of the vortex system near the glass transition over an extremely wide
electric-field range. Measurement bridges of 0.1-m length patterned from high quality YBa2Cu3O7 films al-
lowed the recording of current-voltage (I -V) curves from 1 V/m down to 1028 V/m. We achieved excellent
scaling of theI -V curves. The scaling is corroborated by the analysis of the resistive transitions and the
crossover currentJ0

1 which limits the critical region of the phase transition. While our results confirm the
qualitative characteristics of a vortex glass phase transition, they yield an increased dynamic critical exponent
at all magnetic fields. We also found a considerable dependence of the vortex glass scaling on the electric-field
range probed.@S0163-1829~99!00541-X#
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I. INTRODUCTION

Since the prediction of a vortex glass~VG! phase by
Fisher, Fisher, and Huse1,2 ~FFH! there has been a stron
experimental effort to investigate the fluid to glass transit
as well as the glass phase itself via transport3–8 and
magnetization9 measurements. While the VG theory h
been supported by various experiments reporting g
phases in YBa2Cu3O7 ~YBCO! and universal characteristi
exponents for the transitions, there is still no clear agreem
between theory and experiments. Recent results have sh
a magnetic-field dependence of the critical exponents
m0H,0.05 T.6 Also, in a combined transport-magnetizatio
measurement a deviation from VG behavior was reporte
very low electric fields,10 once more raising the questio
whether there is a truly superconducting phase (r l in
[ limJ→0 E/J[0) for finite temperatures. Concerning th
analysis of a VG transition it has been emphasized rep
edly in experimental as well as theoretical works that a
stricted experimental window may generally res
in misleading conclusions.3,11–14Yet, current-voltage charac
teristics ~CVC! obtained in transport measurements ha
typically covered no more than an electric-field range from
V/m down to only 1025 V/m, whereas CVC’s extracted from
magnetization measurements usually have been limite
regimes between 1026 and 10211V/m. We demonstrate by
transport measurements on YBCO films that the meas
ment window strongly influences the analysis of CVC’s. P
rameters from a wider range~e.g., for the dynamic exponen
6<z<9! yield an apparently equally satisfactory scaling f
restricted measurement windows; however, if lower elec
fields are included one observes a reduction of this sca
parameter range. The larger window accessible in our exp
ment reveals a somewhat decreased glass temperaturTg
and more importantly a dynamic exponentz considerably
higher than previously reported.

II. THE VORTEX GLASS MODEL

FFH considered a second-order phase transition occur
at Tg which is characterized by a diverging coherence len
jg}uT2Tgu2n and coherence timet}jg

z , with static and
dynamic exponentsn and z, respectively.2 Electric field E
PRB 600163-1829/99/60~17!/12443~5!/$15.00
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and current densityJ can be expressed as powers of the
terms resulting in a scaling relation

E5Jjg
d222zẼ6~Jjg

d21f0 /kBT!, ~1!

where Ẽ6 are universal scaling functions andd53 is the
dimensionality of the system. Accordingly, for a glass tra
sition all I -V curves should collapse onto two commo
branches above~1! and below~2! Tg if the scaled quanti-
ties (E/J)sc[(E/J)/u12T/Tgun(z2d12) and Jsc[(J/T)/
u12T/Tgun(d21) are used. For temperaturesT,Tg the elec-
tric field decreases exponentially with the driving currentE
}J exp@2(J0 /J)m#. In a double logarithmic plot this will re-
sult in a negative curvature, which is commonly used
identify the glass region. If the current density exceed
crossover currentJ0

2 the electric field is expected to ap
proach asymptotically a power-law dependence. TheI -V
curve atTg , separating the glassy regime of negative cur
ture from the fluid, should give a power-law dependen
over the entire current range

E}J(z11)/(d21). ~2!

For temperaturesT.Tg one finds

r l in}~T2Tg!n(z2d12), ~3!

visible as linear CVC’s at low current densities with an u
turn at a crossover currentJ0

1 , above which theI -V curves
asymptotically approach the power-law dependence of
glass line. The crossover current vanishes asJ0

1}(T
2Tg)n(d21). Combined with Eq.~3! this yields the crossove
electric field

E0
1}~J0

1!(z11)/(d21). ~4!

Thus in a double logarithmic plot of the CVC’s the lin
connecting the crossover points of the variousI -V isotherms
is parallel to theI -V isotherm at the glass temperature with
slope of (z11)/(d21). Above a fluid temperatureT* the
linear resistivity@Eq. ~3!# will be cut off due to the onset o
free flux flow. This region can be observed in CVC’s as w
as in resistive transitionsr(T),15 and must therefore be ex
cluded from the actual vortex glass analysis.
12 443 ©1999 The American Physical Society
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The main problem in the analysis of CVC’s in a doub
logarithmic plot is the comparatively small difference b
tweenI -V lines just above and belowTg which both display
an asymptotic power-law behavior aboveJ0

6 and—for lim-
ited intervals in the electric field—will appear as straig
lines as expected forTg only. Also, the onset of free flux
flow at high electric fields results in a downward curvatu
for all I -V lines independent of any glass phase. Therefo
in order to investigate a VG phase, a large voltage wind
must be situated well below free flux flow and extend to ve
low electric fields.

III. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE

In our experiment several YBCO thin films have be
prepared by high-pressure dc-sputtering onto~001! SrTiO3
substrates (10310 mm2), two of which were chosen due t
their excellent homogeneity, high transition temperature,
small transition width as determined by inductive measu
ments before patterning. The samples have a thicknes
about 400 nm and show excellent epitaxialc-axis oriented
growth with typical rocking curve widths below 0.3°. A
measurement bridge of 50-mm width with gold contact pads
was prepared by photolithography and wet chemical etch
The bridge with a spiral shape and a length of 109 m
(m0Hsel f,1 mT at Jmax! allows the measurement of ex
tremely low electric fields with a conventional nanovoltm
ter. The transport measurements were carried out in a 6 T
magnet cryostat with a temperature stability better than 0
K and a magnetic-field direction parallel to thec axis of the
film. CVC’s and resistive transitions were measured us
rectangular current pulses of 1 s duration for each data poin
Presented in Fig. 1 is the zero-field resistive transition
sample Y121, displaying aTc,midpoint590.0 K, a normal-
state resistivityr100 K523mV cm, and a very narrow transi
tion width. The logarithmic plot reveals a straight drop
resistance ending below 1025 mV cm and exceeding six or
ders of magnitude within 0.5 K. ThusTc variations or other
inhomogeneities due to poor sample quality will not obsc
intrinsic properties. Here we present the data for Y121;

FIG. 1. Resistive transition of sample Y121. The inset gives
linear plot of the temperature dependence of the resistivity w
Tc,midpoint590.0 K and a normal-state resistivityr100 K

523mV cm. More importantly, the extremely narrow transition f
a measurement bridge of this length becomes apparent in the
rithmic plot yielding a straight drop in resistance exceeding
orders of magnitude within 0.5 K.
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other sample, Y151 withTc590.5 K and a transition width
of 1 K, shows the same results for resistive transitions a
CVC’s.

IV. EXPERIMENTAL RESULTS

A. The I -V glass line and the crossover current

Shown in Fig. 2 are CVC’s taken atm0H51.0 T between
91.0.T.80.5 K. The accessible electric-field range exten
from 1 V/m to below 1028 V/m. One can identify the char
acteristic regions of CVC’s typical for YBCO films: For tem
peratures above 85.8 K the isotherms have a slope of
low current densities and turn into an asymptotic power-l
dependence above the crossover currentJ0

1 resulting in a
positive curvature. TheI -V line at 84.6 K most closely fol-
lows a power-law behavior with a constant slope extend
over more than five decades of the electric field. Below t
temperature the isotherms show a negative curvature as
expected for a VG state. However, for all applied magne
fields ~0.03–1.0 T! someI -V lines aboveTg show both, a
positive curvature at low current densities and negative c
vature at high current densities. The latter is due to the on
of free flux flow but could easily be mistaken for the glas
phase or obstruct a scaling analysis. Excluding the data
this region (E>0.1 V/m) from an analysis we can identify i
all CVC’s a singleI -V line at the approximateTg which
separates the regions of positive and negative curvature.
cording to Eq.~2!, its slopes5(z11)/(d21) yields the
dynamic exponent,z. For 1.0 T one observess55.01 and
z59.0 which is considerably larger than previously report
values for YBCO.3–8 The complete data for all magneti
fields are compiled in Table I along with the parameters
tracted fromJ0

1 , the glass scaling, and the Vogel-Fulch
analysis.

In order to extractE0
1(J0

1) from the CVC’s according to
Eq. ~4! we define the crossover of theI -V lines as the point
for which r(J)51.1r l in . One observes a power-law depe
dence throughout the entire measurement window as i
cated by the dotted line in Fig. 2. Its slope of 5.04 and
extracted dynamic exponent ofz59.1 agree very well with
that of the actualI -V glass line. PlottingJ0

1(T) vs T2Tg
3 or

j (21/n) vs T2Tg confirms this result and the absence of
length scale dependent cutoff.

e
h

a-
x

FIG. 2. TheI -V curves of sample Y121 in an external field o
1.0 T for 91<T<80.5 K. TheI -V glass line atTg584.6 K ~arrow!
and the location of the crossoverE0

1(J0
1) for all accessible tem-

peratures~solid dots! display an identical slope.~Dashed lines indi-
cate the onset of free flux flow relevant for the scaling in Fig. 3!
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TABLE I. Tg , T* , and critical exponents,z and n, resulting from glass line,J0
1 , scaling, and Vogel-

Fulcher analyses.

m0H
~T!

I -V glass line E0
1(J0

1) Glass scaling analysis Vogel-Fulcher analysi

Tg ~K! z z Tg ~K! T* ~K! z n n(z21) Tg ~K! T* ~K! n(z21)

0.03 89.5~1! 11.1~8! 11.4~5! 89.50~10! 90.1~2! 11.2~3! 1.25~5! 12.75 89.4~4! 90.0~3! 11.3~9!

0.10 88.6~1! 11.2~6! 10.0~4! 88.65~10! 89.8~2! 10.4~3! 1.45~5! 13.63 88.8~5! 89.8~3! 13.8~9!

0.30 88.2~2! 9.0~5! 9.6~3! 88.15~20! 89.8~2! 9.0~3! 1.60~5! 12.80 88.2~5! 89.6~3! 10.5~8!

0.60 86.4~2! 8.9~4! 8.7~3! 86.30~20! 89.2~2! 8.9~3! 1.65~5! 13.04 86.6~5! 89.0~4! 11.7~8!

1.00 84.6~3! 9.0~4! 9.1~3! 84.55~20! 88.4~3! 9.1~3! 1.65~5! 13.37 84.8~6! 88.3~4! 12.6~8!
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B. Glass scaling ofI -V curves with extended and restricted
electric-field ranges

Using the ansatz of Eq.~1! one can also determineTg and
z as well asn for a given set of isotherms via a scalin
analysis of the CVC’s.5–8,12,16 In addition to excluding the
high electric-field region of free flux flow, one must als
exclude the isotherms aboveT* , where the TAFF assump
tion of Eq.~3! is no longer valid~indicated by dashed lines i
Fig. 2!. By optimizing the choice ofTg , T* , z, andn one
can then obtain a collapse of all remainingI -V curves onto
the two universal branches. Figure 3 shows excellent sca
for the CVC’s atm0H51.0 T with Tg584.55 K, z59.1, n
51.65, andT* 588.4 K. For all magnetic fields these resu
agree very well with the analysis of the crossover current
I -V glass line.

The scaling analyses of transport measurements pr
ously published have produced collapses that also appe
quite good but typically yielded dynamic exponentsz
54 – 6, well below our results. While Wo¨ltgenset al. have
shown that this glass scaling is very sensitive to the detun
of any single parameter,16 appropriately adjusting all thre
parameters can still produce a scaling of apparently eq
quality provided the measurement window is small enou
This is illustrated in Fig. 4, where the CVC’s from Fig. 2 a
scaled with a different set of parametersTg8585.65, z8
56.1, n851.5. For a restricted electric-field range withE
.1025 V/m ~dots!, typical for the majority of previous
works, this scaling (z856.1) is of the same quality as Fig.

FIG. 3. Glass scaling of the data from Fig. 2 withTg584.55,
z59.1, n51.65. Dashed lines in Fig. 2 indicate the range of el
tric field used in this scaling. Excellent scaling is achieved for
entire accessible electric field, ranging from 1021 V/m to below
1028 V/m.
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(z59.1). Therefore the scaling in a reduced electric-fie
range cannot be deemed conclusive as considerably diffe
sets of parameters yield comparable data collapses. H
ever, the extended electric-field window for this parame
set ~triangles in Fig. 4! reveals clear deviations from an a
ceptable scaling which are due to the Ohmic behavior be
J0

1 for Tg,T,Tg8 and appear only atE,1025 V/m. One
should note that this does not imply that the dynamic ex
nent changes with the electric-field strength. Extending
electric-field range simply leads to a narrowing of the int
val of suitable paramters. An acceptable scaling over the
electric-field range is achieved only with the increased
namic exponentz'960.5.

C. Vogel-Fulcher analysis of the resistive transitions

In order to confirm these results we also used a Vog
Fulcher analysis of resistive transitionsr(T,m0H). Accord-
ing to Eq. ~3!, plotting r(T) for a fixed magnetic field as
@d ln(r)/dT#21 vs T will result in a linear section forT*
.T.Tg . Its slope n(z21) allows the extraction of the
product of the critical exponents; its extrapolated tempe
ture intercept corresponds toTg ; and the deviation of the
data from the linear behavior at high temperatures signi
the onset of free flux flow atT* . Within the experimental
uncertainty, the extracted values forTg and T* fully agree
with those obtained from the analysis of the CVC’s. T
critical exponents,n(z21)51262, also support a value o
z.6 rather than 4<z<6.

-
e

FIG. 4. Scaling of the data of Fig. 2 with a different set
scaling parameters,Tg8585.65, n851.5, andz856.1. Solid dots
represent good scaling comparable to that of Fig. 3 achieved
for data with E.1025 V/m. Including the low electric-field data
~triangles, 1025.E.1028 V/m) destroys the scaling for these pa
rameters.
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V. DISCUSSION

Based on the agreement of all data with predicted qu
tative behavior we infer to observe a second-order transi
from a fluid to a glassy state. The resulting phase diag
~Fig. 5!, in particular the observed glass lineHg(T), gives
further support to this notion, as the magnetic-field dep
dence of Tg is well described byHg5H0(12Tg /Tc)

1.5,
wherem0H0583.5 T, in agreement with previous results17

Also, the onset of the visible magnetic-field dependence
the critical exponents appears at a higher field~0.3 T! but is
in general agreement with a reported increase ofz at low
magnetic fields (m0H<0.05 T) in YBCO.6 The most impor-
tant aspect of our data is, without doubt, the excellent ag
ment of all analyses establishing a glass transition wit
dynamic exponentz>9 in the entire magnetic-field range
This value ofz clearly exceeds previously reported values
transport measurements~typically 4–6! but one should note
that these can be explained within our analysis because
increasedz can be unambiguously identified only at very lo
electric fields. While ourz59 only exceeds the origina
quantitative theoretical predictions of FFH~4–7!, alternative
explanations other than a VG transition with a high dynam
exponent fail to account for the qualitative observations.

Finite-size effects withz.6 and decreasingTg have been
observed only for strip widthsw,2 mm5 and film thick-
nessest!400 nm.8,16,18 In particular,z>8 was found only
for t,20 nm.8 The dimensions of our samples,w550mm
and t5400 nm, are clearly outside the reported limits f
finite-size effects. More importantly, in the presence
finite-size effects the~isotropic! glass scaling has failed or
two-dimensional~2D!-3D crossover current, which increas
with decreasing temperature, appeared instead ofJ0

1}(T
2Tg)n(d21). Our results, on the contrary, show excelle

FIG. 5. B-T phase diagram with glass line~squares! and fluid
line T* ~circles! as determined from critical scaling~open symbols!
and Vogel-Fulcher~solid symbols! analyses. The solid line is a fit to
Hg(T)5H0(12Tg /Tc)

1.5; the dotted line is a guide to the eye. Th
inset reveals a magnetic field dependence ofz andn below 0.3 T.
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scaling, J0
1 follows precisely the predicted VG behavio

throughout the full experimental window, and the slope
E0

1(J0
1) agrees very well with the independent analyses

the I -V glass line and scaling, thus excluding finite-size
fects as the cause of the overall increase ofz.

With respect to correlated defects the possibility of a Bo
glass in YBCO has been suggested,19 which could present an
explanation for deviating critical exponents. However,
Bose scaling on our data results in an even higher dyna
exponentzBG'14 instead ofzVG'9 ~also nBG'1 while
nVG'1.6! which does not render this interpretation mo
plausible. Also, the model of flux creep~FC!, which pre-
cludes the existence of a finite temperatureT.0 with van-
ishing linear resistivity, has been applied in the analysis
CVC’s.11,20In magnetization measurements of YBCO an o
served deviation from the general glassy behavior has b
attributed to FC.10 While we cannot exclude that CVC’s ma
display such features at electric fields below the range of
experiment, this model is an inappropriate explanation
the large dynamic exponent since a static exponentnFC
<0.7 was reported10,11 in clear disagreement with our re
sults. Moreover, flux creep cannot account for the excell
scaling nor for the vortex glasslike behavior of the crosso
current throughout the entire measurement window.

VI. SUMMARY

In conclusion, we achieved excellent scaling of t
CVC’s according to the VG theory over a range of more th
six decades in the electric field with a transport measurem
window extending down to 1028 V/m allowing us to extract
Tg ,T* , and the critical exponents. These results are in ag
ment with the analysis of the resistive transitions and
crossover currentJ0

1 . Yet, all results yield a critical dynamic
exponent,z>9, that is larger than those previously report
~4–6! and predicted by FFH~4–7! throughout the entire in-
vestigated magnetic field range~0.03–1.0 T!. In the present
framework we can exclude finite-size effects and flux cre
as the origin of a high value ofz. The onset of the observe
magnetic-field dependence of the exponents also appears
somewhat higher value ofm0H50.3 T but qualitatively
agrees with prior reports. Finally, previous scaling anlay
that extracted dynamic exponentsz<6 from CVC’s do not
actually contradict our findings. If the analysis on our data
restricted to a comparable electric-field range we reco
similar results: The evidence for an increasedz directly re-
sults from the extended electric-field window due to the ve
long measurement bridge.

The authors wish to thank M. Basset for experimen
assistance. Financial support by the Deutsche Forschu
Gemeinschaft through Sonderforschungsbereich 262 is g
fully acknowledged.
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