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High dynamic exponents in vortex glass transitions: Dependence of critical scaling
on the electric-field range
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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 qualiyC¥Rs films al-
lowed the recording of current-voltagé-¥/) curves from 1 V/m down to 10° V/m. We achieved excellent
scaling of thel-V curves. The scaling is corroborated by the analysis of the resistive transitions and the
crossover currend; 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)00541-X]

[. INTRODUCTION and current density can be expressed as powers of these
terms resulting in a scaling relation
Since the prediction of a vortex glag¥G) phase by

Fisher, Fisher, and Hus& (FFH) there has been a strong E=J& 2 "EL (3] Yo /keT), 1)
experimental effort to investigate the fluid to glass transition -
as well as the glass phase itself via transpértand WhereE. are universal scaling functions ant=3 is the
magnetizatioh measurements. While the VG theory hasdimensionality of the system. Accordingly, for a glass tran-
been supported by various experiments reporting glasgition all I-V curves should collapse onto two common
phases in YBsCu,0; (YBCO) and universal characteristic branches above+) and below(—) T if the scaled quanti-
exponents for the transitions, there is still no clear agreementies (E/J)sc=(E/J)/|1=T/Ty[**~ 42 and Jg=(I/T)/
between theory and experiments. Recent results have showh—T/Tg|"“"1) are used. For temperatur@s: T the elec-
a magnetic-field dependence of the critical exponents fotric field decreases exponentially with the driving currént
1oH<0.05T8 Also, in a combined transport-magnetization *J exd —(J,/J)*]. In a double logarithmic plot this will re-
measurement a deviation from VG behavior was reported ault in a negative curvature, which is commonly used to
very low electric fields® once more raising the question identify the glass region. If the current density exceeds a
whether there is a truly superconducting phass;,( crossover currend, the electric field is expected to ap-
=lim;_oE/J=0) for finite temperatures. Concerning the proach asymptotically a power-law dependence. Thé
analysis of a VG transition it has been emphasized repeaturve atTy, separating the glassy regime of negative curva-
edly in experimental as well as theoretical works that a reture from the fluid, should give a power-law dependence
stricted experimental window may generally resultover the entire current range
in misleading conclusions!'~1*Yet, current-voltage charac-
teristics (CVC) obtained in transport measurements have Eoc J2F1IA-1), (2
typically covered no more than an electric-field range from 1
V/m down to only 10 ° V/m, whereas CVC'’s extracted from
magnetization measurements usually have been limited to o (T—T,) - d+2) 3)
regimes between 16 and 10 '*V/m. We demonstrate by Prin g ’
transport measurements on YBCO films that the measuressible as linear CVC's at low current densities with an up-
ment window strongly influences the analysis of CVC's. Pa-turn at a crossover curredg , above which the-V curves
rameters from a wider rangde.g., for the dynamic exponent asymptotically approach the power-law dependence of the

6=z=9) yield an apparently equally satisfactory scaling forglass line. The crossover current vanishes Js<(T
restricted measurement windows; however, if lower electric— Ty) “(d-1) Combined with Eq(3) this yields the crossover

fields are included one observes a reduction of this scaling|ectric field
parameter range. The larger window accessible in our experi-

For temperature$>T, one finds

ment reveals a somewhat decreased glass temperggure Egoc(Jg)(Hl)/(d*l)_ (4)
and more importantly a dynamic exponentconsiderably
higher than previ0u5|y reported_ Thus in a double |Ogarithmic plOt of the CVC's the line
connecting the crossover points of the varibug isotherms
Il. THE VORTEX GLASS MODEL is parallel to thd -V isotherm at the glass temperature with a

slope of ¢+1)/(d—1). Above a fluid temperatur&* the
FFH considered a second-order phase transition occurringnear resistivity[Eq. (3)] will be cut off due to the onset of
at T, which is characterized by a diverging coherence lengttfree flux flow. This region can be observed in CVC's as well
£4|T—T4| ™" and coherence timex&;, with static and  as in resistive transitions(T),*® and must therefore be ex-
dynamic exponents and z, respectively? Electric field E cluded from the actual vortex glass analysis.
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FIG. 1. Resistive transition of sample Y121. The inset gives the J (A/m’)
linear plot of the temperature dependence of the resistivity with FIG. 2. Thel-V curves of sample Y121 in an external field of
Tc,midpoint: 90.0K and a normal-state resistivity pigok 1.0 T for 91=<T=<80.5K. Thel-V glass line aﬂ'g:84.6 K (arrow)
=23, cm. More importantly, the extremely narrow transition for and the location of the crossover (Jg) for all accessible tem-
a measurement bridge of this length becomes apparent in the loggeraturegsolid dotg display an identical slopéDashed lines indi-
rithmic plot yielding a straight drop in resistance exceeding sixcate the onset of free flux flow relevant for the scaling in Fig. 3.
orders of magnitude within 0.5 K.
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other sample, Y151 witff;=90.5K and a transition width
of 1 K, shows the same results for resistive transitions and

Th i blem in th lysis of CVC'’s in a doubl
e main problem in the analysis o S in a dou eCVC's.

logarithmic plot is the comparatively small difference be-
tweenl-V lines just above and beloW, which both display
an asymptotic power-law behavior abo&vgz and—for lim-
ited intervals in the electric field—will appear as straight A. The |-V glass line and the crossover current

lines as expected fofy only. Also, the onset of free flux Shown in Fig. 2 are CVC's taken at,H=1.0 T between
flow at high electric fields results in a downward curvatureg1 o>T>80.5K. The accessible electric-field range extends
for all 1-V lines independent of any glass phase. Thereforefrom 1 V/m to below 108 V/m. One can identify the char-

in order to investigate a VG phase, a large voltage windowvacteristic regions of CVC's typical for YBCO films: For tem-
must be situated well below free flux flow and extend to veryperatures above 85.8 K the isotherms have a slope of 1 at

IV. EXPERIMENTAL RESULTS

low electric fields. low current densities and turn into an asymptotic power-law
dependence above the crossover curdgptresulting in a
IIl. SAMPLE PREPARATION AND EXPERIMENTAL positive curvature. Thé-V line at 84.6 K most Closely fol-
PROCEDURE lows a power-law behavior with a constant slope extending

over more than five decades of the electric field. Below this

In our experiment several YBCO thin films have beentemperature the isotherms show a negative curvature as to be
prepared by high-pressure dc-sputtering of@01) SrTiO;  expected for a VG state. However, for all applied magnetic
substrates (1810 mnt), two of which were chosen due to fields (0.03-1.0 7 somel-V lines aboveT, show both, a
their excellent homogeneity, high transition temperature, an@ositive curvature at low current densities and negative cur-
small transition width as determined by inductive measurevature at high current densities. The latter is due to the onset
ments before patterning. The samples have a thickness 6f free flux flow but could easily be mistaken for the glassy
about 400 nm and show excellent epitaxiahxis oriented ~Phase or obstruct a scaling analysis. Excluding the data of
growth with typical rocking curve widths below 0.3°. A this region €=0.1V/m) from an analysis we can identify in
measurement bridge of 50m width with gold contact pads all CVC’s a singlel-V line at the approximatd y which
was prepared by photo“thography and wet chemical etchinéeparates the regions of pOSitive and negative curvature. Ac-
The bridge with a spiral shape and a length of 109 mngording to Eq.(2), its slopes=(z+1)/(d—1) yields the
(moHser<1mT at J,,.0 allows the measurement of ex- dynamic exponentz. For 1.0 T one observes=5.01 and
tremely low electric fields with a conventional nanovoltme-Z=9.0 which is considerably larger than previously reported
ter. The transport measurements were carried o 5 T  values for YBCO?™® The complete data for all magnetic
magnet cryostat with a temperature stability better than 0.0§€lds are compiled in Table | along with the parameters ex-
K and a magnetic-field direction parallel to theaxis of the  tracted fromJg , the glass scaling, and the Vogel-Fulcher
film. CVC’s and resistive transitions were measured usinganalysis.
rectangular current pulse$ b s duration for each data point. In order to extracEg (Jy) from the CVC's according to
Presented in Fig. 1 is the zero-field resistive transition ofEq. (4) we define the crossover of theV lines as the point
sample Y121, displaying & migpoin=90.0K, @ normal-  for which p(J)=1.1p;;, . One observes a power-law depen-
state resistivityp,oo k=23 #{) cm, and a very narrow transi- dence throughout the entire measurement window as indi-
tion width. The logarithmic plot reveals a straight drop in cated by the dotted line in Fig. 2. Its slope of 5.04 and the
resistance ending below 18,0 cm and exceeding six or- extracted dynamic exponent af=9.1 agree very well with
ders of magnitude within 0.5 K. ThuE, variations or other that of the actual-V glass line. Plotting; (T) vsT—Tg3 or
inhomogeneities due to poor sample quality will not obscurez(~*") vs T—T, confirms this result and the absence of a
intrinsic properties. Here we present the data for Y121; théength scale dependent cutoff.
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TABLE I. T4, T*, and critical exponents; and », resulting from glass lineJg , scaling, and Vogel-
Fulcher analyses.

H I-V glass line Eg(Jg) Glass scaling analysis Vogel-Fulcher analysis
Mo
(T) Ty (K) z z Ty (K) T (K) z v v(z—1) T, (K) T (K) »(z—1)

0.03 89.51) 11.18) 11.45) 89.5010) 90.12) 11.23) 1.255 12.75 89.44) 90.03) 11.39)
0.10 88.61) 11.26) 10.04) 88.6510) 89.92) 10.43) 1.455) 13.63 88.§5) 89.93) 13.99)
0.30 88.22) 9.05) 9.63) 88.1520) 89.92) 9.03) 1.605) 12.80 88.25) 89.63) 10.58)
0.60 86.42) 8.94) 8.73) 86.3020) 89.22) 8.93) 1.655 13.04 86.65) 89.04) 11.78)
1.00 84.63) 9.04) 9.13) 84.5520) 88.43) 9.1(3) 1.655) 13.37 84.86) 88.34) 12.68)

B. Glass scaling of -V curves with extended and restricted (z=9.1). Therefore the scaling in a reduced electric-field
electric-field ranges range cannot be deemed conclusive as considerably different

Using the ansatz of Eq1) one can also determiri, and sets of parameters yield comparable data collapses. How-
z as well asv for a given set of isotherms via a scaling €€ _the extende_d electric-field W|ndov_v f_or this parameter
analysis of the CVC'S-81218|n addition to excluding the set (triangles in Flg.}reveals clear dewa’uqns from_an ac-
high electric-field region of free flux flow, one must also ciptable scaling ,Wh'Ch are due to the Ohmlgsbehawor below
exclude the isotherms above, where the TAFF assump- Jo for Tg<T<Tg and appear only aE<10">V/m. One
tion of Eq.(3) is no longer validindicated by dashed lines in Should note that this does not imply that the dynamic expo-
Fig. 2. By optimizing the choice offy, T*, z, and» one nent phgnges with the electric-field strength. Extendlr}g the
can then obtain a collapse of all remainihg/ curves onto electrlc-f_leld range simply leads to a narrowing of the inter-
the two universal branches. Figure 3 shows excellent scaliny®! Of suitable paramters. An acceptable scaling over the full
for the CVC's atuoH=1.0T with T,=84.55K, z=9.1, v elect'rlc—fleld range is achieved only with the increased dy-
—1.65, andT™* =88.4 K. For all magnetic fields these results "amiC exponenz~9=0.5.
agree very well with the analysis of the crossover current and ) o N
I-V glass line. C. Vogel-Fulcher analysis of the resistive transitions

The scaling analyses of transport measurements previ- In order to confirm these results we also used a Vogel-
ously published have produced collapses that also appear&dicher analysis of resistive transitiop$T, uoH). Accord-
quite good but typically yielded dynamic exponerts ing to Eqg.(3), plotting p(T) for a fixed magnetic field as
=4-6, well below our results. While Wigenset al. have  [dIn(p)/dT]"* vs T will result in a linear section fofT*
shown that this glass scaling is very sensitive to the detuning-T>T. Its slope »(z—1) allows the extraction of the
of any single parametéf, appropriately adjusting all three product of the critical exponents; its extrapolated tempera-
parameters can still produce a scaling of apparently equalire intercept corresponds f,; and the deviation of the
quality provided the measurement window is small enoughdata from the linear behavior at high temperatures signifies
This is illustrated in Fig. 4, where the CVC's from Fig. 2 are the onset of free flux flow al*. Within the experimental
scaled with a different set of parameteT§=85.65, z' uncertainty, the extracted values fbg and T* fully agree
=6.1, v'=1.5. For a restricted electric-field range with  with those obtained from the analysis of the CVC’s. The
>10"°V/m (dot9, typical for the majority of previous critical exponentsy(z—1)=12+2, also support a value of
works, this scaling£’=6.1) is of the same quality as Fig. 3 z>6 rather than 4&z<6.
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(WJIT)Nn-1/ Tg| FIG. 4. Scaling of the data of Fig. 2 with a different set of
FIG. 3. Glass scaling of the data from Fig. 2 wilj=84.55,  scaling parametersf,=85.65, »'=1.5, andz'=6.1. Solid dots
z=9.1, v=1.65. Dashed lines in Fig. 2 indicate the range of elec-represent good scaling comparable to that of Fig. 3 achieved only
tric field used in this scaling. Excellent scaling is achieved for thefor data with E>10"°V/m. Including the low electric-field data
entire accessible electric field, ranging from 10//m to below  (triangles, 10°>E>10 8V/m) destroys the scaling for these pa-
1078 v/m. rameters.
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scaling, J; follows precisely the predicted VG behavior
throughout the full experimental window, and the slope of
E, (Jo) agrees very well with the independent analyses of
the |-V glass line and scaling, thus excluding finite-size ef-
fects as the cause of the overall increase.of
With respect to correlated defects the possibility of a Bose
glass in YBCO has been suggesteayhich could present an
. explanation for deviating critical exponents. However, a
0.01 et ] 3 Bose scaling on our data results in an even higher dynamic
E TR T R exponentzgs~14 instead ofzyg~9 (also vgg=~1 while
82 84 86 88 90 vryg~1.6) which does not render this interpretation more
T (K) plausible. Also, the model of flux cree-C), which pre-
FIG. 5. B-T phase diagram with glass lirequaresand fluid ~ cludes the existence of a finite temperatiite 0 with van-
line T* (circles as determined from critical scalirigpen symbols  iShing linear resistivity, has been applied in the analysis of
and Vogel-Fulchefsolid symbol$ analyses. The solid line is a fit to CVC’s*In magnetization measurements of YBCO an ob-
Hq(T)=Ho(1—T4/T.)%% the dotted line is a guide to the eye. The served deviation from the general glassy behavior has been
inset reveals a magnetic field dependence ahd v below 0.3 T.  attributed to FCP While we cannot exclude that CVC’s may
display such features at electric fields below the range of our
experiment, this model is an inappropriate explanation for
the large dynamic exponent since a static exponary
Based on the agreement of all data with predicted quali<0.7 was reported!! in clear disagreement with our re-
tative behavior we infer to observe a second-order transitiosults. Moreover, flux creep cannot account for the excellent
from a fluid to a glassy state. The resulting phase diagramscaling nor for the vortex glasslike behavior of the crossover
(Fig. 5), in particular the observed glass lifg,(T), gives  current throughout the entire measurement window.
further support to this notion, as the magnetic-field depen-
dence of Ty is well described byHy=Ho(1—T4/To)*5, VI. SUMMARY
where uoH,=83.5T, in agreement with previous resuifs.
Also, the onset of the visible magnetic-field dependence o&
the critical exponents appears at a higher fi@d® T) but is

o (T)

01k

V. DISCUSSION

In conclusion, we achieved excellent scaling of the
VC'’s according to the VG theory over a range of more than

) I ith di ot | six decades in the electric field with a transport measurement
In general agreement with a reported increase OW" " window extending down to IC° V/m allowing us to extract

magnetic f|eI(]';1s '(’“OZISOZOS T.)h'n chob' Tne most”|mpor- T,,T*, and the critical exponents. These results are in agree-
tant aspect of our data Is, without doubt, the excellent agreqqant \ith the analysis of the resistive transitions and the
ment of all analyses establishing a glass transition with 2rossover currenlg . Yet, all results yield a critical dynamic

dyf‘am'c exponene=9 in the e”t".e magnetic-field range. exponentz=9, that is larger than those previously reported
This value ofz clearly exceeds previously reported values of(4_6) and predicted by FFH4—7) throughout the entire in-

transport measuremenftypically 4—6 but one should note oo ated magnetic field range.03—1.0 7. In the present

Fhat these can be explalr_led W'th'.n our _anaIyS|s because tm’eamework we can exclude finite-size effects and flux creep
increased can be unambiguously identified only at very low as the origin of a high value & The onset of the observed

elec:lrtlif ;fldfﬁ V\r/h;ile IO urrzgigti onnly feéc;(%edg tf;:a rﬁ”gi/nal magnetic-field dependence of the exponents also appears at a
quantitative theoretical predictions o — 0, altermnative o mewhat higher value ofigH=0.3T but qualitatively

explanations other than a VG transition with a high dynamic : . : . :
: o . agrees with prior reports. Finally, previous scaling anlayses
exponent fail to account for the qualitative observations. 9 P P y. P g y

Finite-size effects witlz>6 and decreasing, have been that extracted dynamic exponerts 6 from CVC's do not
observed onlv for stri idthsv<2 sm® anggf'lm thick- actually contradict our findings. If the analysis on our data is
v y 816 18'p wiatn K ! ! restricted to a comparable electric-field range we recover
nesseg<<400 nm>*>°In particular,z=8 was found only

for t<20nmé The di : f les = 50 similar results: The evidence for an increasedirectly re-
or nM. The dimensions of our Samplew,:=SUam o5 from the extended electric-field window due to the very
and t=400nm, are clearly outside the reported limits for

finite-size effects. More importantly, in the presence ofIong measurement bridge.

finite-size effects théisotropig glass scaling has failed ora  The authors wish to thank M. Basset for experimental
two-dimensional2D)-3D crossover current, which increases assistance. Financial support by the Deutsche Forschungs
with decreasing temperature, appeared insteadjof(T  Gemeinschaft through Sonderforschungsbereich 262 is grate-
—Tg)" Y. Our results, on the contrary, show excellentfully acknowledged.
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