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Nonlinear current-voltage characteristics have been measured at high magnetic fields in YBa&Cu307
0

films of a thickness t ranging from 3000 down to 16 A. Critical-scaling analyses of the data for the
0

thinner films (t (400 A) reveal deviations from the vortex-glass critical scaling appropriate for three-
dimensional (3D) systems. This is argued to be a finite-size e6'ect. At large current densities J, the vor-
tices are probed at length scales smaller than the film thickness, i.e., 3D vortex-glass behavior is ob-
served. At low J by contrast, the vortex excitations involve typical length scales exceeding the film
thickness, resulting in 2D behavior. Further evidence for this picture is found directly from the 3D
vortex-glass correlation length, which, upon approach of the glass transition temperature, appears to lev-
el ofF at the film thickness. The results indicate that a vortex-glass phase transition does occur at finite
temperature in 3D systems, but not in 2D systems. In the latter an onset of 2D correlations occurs to-

0
wards zero temperature. This is demonstrated in our thinnest film (16 A), which, in a magnetic field,
displays a 2D vortex-glass correlation length which critically diverges at zero temperature.

I. INTRODUCTION

The effective dimensionality is a quantity of prime im-
portance for the highly anisotropic cuprate superconduc-
tors. Much attention has therefore been paid to the study
of ultrathin films and superlattices. ' ' These studies
show the importance of the coupling between the Cu02
planes for superconductivity. Most work has been con-
cerned with the transition into the superconducting state
at zero magnetic field. In this paper, however, we focus
on the influence of a reduced dimensionality on transport
at high magnetic fields, i.e., the inhuence of the dimen-
sionality of the vortices on the superconducting transi-
tion temperature.

A consensus seems to have been reached that a three-
dimensional (3D) disordered superconductor in a high
magnetic field exhibits a phase transition to a truly super-
conducting vortex-glass (VG) phase. ' Experimental evi-
dence for this phase transition has in particular been ob-
tained from the critical behavior of the transport proper-
ties of YBa2Cu, 07 & films. ' According to theoreti-
cal predictions and numerical simulations, ' ' the
critical dimension for the formation of a VG phase at a
finite temperature is somewhere between 2 and 3. Conse-
quently, one does not expect a VG transition at any finite
temperature for a strictly two-dimensional (2D) system.
In this report, we present experimental data that support
this notion.

The effects of a reduced dimensionality on the VG
transition appear in various experiments. For
Bi2Sr2CaCu208+&, the extreme anisotropy leads to vari-
ous 2D-3D crossovers and a rather complex phase dia-
gram. ' YBa2Cu 307 & samples of different type
(films, disordered crystals, bulk ceramics) exhibit a 3D
VG transition. ' Finite-size effects show up if one di-

mension is reduced such as for thin films' or thin lines. '

The present paper reports on a study of the finite-size
effects on the VG transition in thin YBazCu307 $ films.
We find that the critical scaling behavior of the nonlinear
current-voltage (I-V) curves, which signals the phase
transition, deteriorates for ultrathin films which ap-
proach the 2D limit. In the true 2D limit, encountered
for the thinnest film (16 A) in our experiments, the IV-
curves exhibit a different form that indicates a zero-
temperature critical temperature for a 2D VG.

Various models have been proposed for the detailed na-
ture of the glassy state in disordered type-II superconduc-
tors. The determining parameter in these models is the
spatial structure of the defects responsible for the pinning
of vortices. Pinning by random point defects, or, more
generally, uncorrelated defects, will lead to a VG phase.
Pinning by linelike or planelike defects along the external
magnetic field (correlated defects) will give rise to a
Bose-glass phase. The VG and the Bose glass have very
similar properties. Both exhibit a second-order phase
transition with similar critical scaling, albeit with
different scaling exponents. In a previous report, we
have shown that for YBa2Cu307 & thin films made by
laser ablation the dominant source of pinning is uncorre-
lated disorder, giving rise to a VG phase. In the present
paper, we extend our study of these laser-ablated films to
the properties of very thin films. The results are con-
sistent with a 2D-3D dimensionality crossover for the
VG phase.

This article is organized in the following way. In Sec.
II we describe the experimental details of our experiment.
Section III summarizes the scaling theory for the phase
transition from a vortex liquid to a 3D VG. Section IV
contains the experimental results and their analysis. Data
are presented for three diFerent regimes: (i) thick films
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(film thickness t =3000 A) which display purely 3D
behavior; (ii) films of intermediate thickness (32 ~ t ~400
A) which show a crossover from 3D to 2D behavior; and
(iii) data for an ultrathin (16 A) film which displays pure-
ly 2D behavior. Some conclusions are given in Sec. V.

II. EXPERIMENTAL DETAILS

A. Samples

Epitaxial YBa2Cu307 & films were grown by laser abla-
tion onto SrTiO3 substrates. The thickness t of these
films ranged from 3000 down to 16 A, viz. 3000, 400, 200,
100, 32, and 16 A. The films of thickness 100 A or less
were sandwiched in between two nonsuperconducting
PrBa2Cu307 & layers. The PrBa2Cu307 bottom layer
(thickness typically 100 A) served to provide a well
matched buffer for epitaxial growth of the YBazCu307
The top PrBa2Cu307 & layer (thickness typically 30 A)
served to protect the YBazCu307 & from degradation by
exposure to the atmosphere. Electrical contacts were
made by first removing the top PrBa2Cu307 & layer as
well as part of the Yaa2Cu307 & by Ar-ion milling
through a metal shadow mask, followed by in situ deposi-
tion of 500 A of Au through the same mask. The films
were patterned with a resistless lithography technique
based on local ablation by a pulsed laser. Four-probe
patterns with a central stripe of typically 30X150 pm
were defined. Care was taken to minimize the laser power
to prevent thermal damage of the film. For the films
thicker than 100 A the contacts were additionally an-
nealed at 400'C in Aowing oxygen to further improve the
contact resistance. The resulting contact resistance typi-
cally was substantially less than 1 Q.

Figure 1 displays the resistivity versus the temperature
for a selection of films at zero magnetic field and at a field
of 5 T. As in all the experiments reported here, the mag-
netic field was oriented parallel to the film c axis. Figure
2 shows the superconducting transition temperature as a
function of the film thickness for fields of 0, 2, and 5 T.
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For the films thicker than 200 A, T, approaches a
thickness-independent value of 89 K at zero field. For
films with thickness below 200 A, T, can be seen to drop
rapidly from 89 to 13 K for the 16 A film. This drop in
T, is in agreement with previous reports. ' A similar5, 8

effect is observed in the superconducting transition tem-
perature at high magnetic fields (the VG critical tempera-
ture; see Sec IV A). Again, a strong decrease is observed
below about 200 A. For the thinnest film, the VG transi-
tion temperature at high field has completely vanished.

B. Experimental setup

Figure 3 shows the experimental setup used for
measuring the nonlinear I-V characteristics described in

R2

FIG. 2. Superconducting transition temperature versus the
film thickness. At 0 T, T, is defined as the temperature where
the resistivity vanishes. At 2 and 5 T, the transition temperature
is Tg as derived from the 30 critical-scaling analysis (cf. Sec.
IV A). The solid lines are guides to the eye.
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FIG. 1. Temperature dependence of the resistivity for three
YBa2Cu307 q films of various thickness in magnetic fields of 0
and 5 T.
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FIG. 3. Schematic diagram of the setup used for the non-

linear I-V measurements.
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this article. An HP3325B function generator and a resis-
tance network produce a sine-wave current with a fre-
quency of approximately 10 Hz. This current is passed
through the sample and a resistor R 3, which serves as a
monitor for the current. The voltage over the sample and
that over R3 are each amplified by a battery-powered
Stanford SRS560 low-noise preamplifier. Upon a trigger
signal from the function generator, the amplified voltages
are sampled for a duration of at least one period by the
8-bit analog-to-digital converters of a Tektronix TDS460
digital oscilloscope, and displayed as time traces. To
eliminate noise and interference, these current and volt-
age traces are averaged over typically 5000 periods. This
has the additional advantage of increasing the effective
dynamic range of the digital scope to about 11 bit, i.e., to
about three decades. After each measurement, the aver-
aged voltage and current time traces are read out to a
personal computer. In view of the limited dynamic
range, each I-V curve is typically measured for three
different amplitudes of the ac current. These amplitudes
are chosen such that the resulting voltages span a total
voltage range of about five to six decades. The function
generator, the digital oscilloscope, and the temperature
controller are controlled by the personal computer via
the IEEE-488 bus. The data acquisition has been com-
pletely automated, enabling us to measure I-V curves for
many temperatures. The time needed for collecting a typ-
ical set of 100—200 IV curves amounts to about three
days.

Some advantages of the above ac measuring method
are (i) the zero of the current and voltage signal can be
determined with great precision, simply by taking the
average of the current and the voltage over one period;
(ii) voltages as small as a few nanovolts can be measured;
and, most importantly, (iii) the shape of the measured IV-
curves is reliable because the temperature does not vary
appreciably over the course of a period of the current.
The ac method ensures that any current-induced heating
is averaged out to a steady temperature offset applying to
the whole curve. Note here that the design of our cryo-
genic system is such that the relevant time constants
(=10—10 s) are long compared to the period of the ac
current (=0.1 s). In the use of a dc current for measur-
ing I-V curves, by contrast, the temperature may rise sub-
stantially at the higher currents, which distorts the shape
of the I-V curve.

III. THEORY
OF 30 VORTEX-GLASS SCALING

Some of the VG scaling theory is briefly recapitulated
in this section in order to provide the necessary back-
ground for the critical scaling analyses of the nonlinear
I-V characteristics. For disordered 3D type-II supercon-
ductors a VG transition from a resistive vortex-liquid
phase to a superconducting VG phase has been predict-
ed. ' As this VCx transition is a second-order (continu-
ous) transition, critical-scaling behavior is expected to
occur near the transition. This implies that the I-V
characteristics can be described in the form of a general
scaling equation V/I=%+(I, T), where A+(I, T) is a

scaling function for the resistance above (+) and below
(
—

) the transition. The form of %+(I,T) will be discussed
below.

The relevant characteristic length scale, the VG corre-
lation length g, is expected to diverge critically with the
temperature at the VG phase transition temperature T
according to a power law. That is,

with v the static critical exponent. Further, a critical
slowing down is expected for the dynamics near a con-
tinuous phase transition. This means, that a fluctuation
of size g relaxes in a time r, which critically diverges ac-
cording to

L =(ks TC/& o)J'~ (3)

with No=h/2e the magnetic flux quantum. In other
words, with a certain J one probes the vortices at a cer-
tain length scale I.. Above T, the response to a current
density is linear for small J such that L )g. For this case,
one probes a volume L that contains many correlation
volumes g, and accordingly vortices act independently,
i.e., they behave like a liquid. The response becomes non-
linear for large J such that L (g. Here, one probes the
glassy vortex dynamics within a correlation volume. As
T is approached, g grows to infinity, and J„& vanishes.

These scaling relations are used to construct a general
scaling function. Near the phase transition the resistivity
p(J) =E(J)/J, in which E is—the electric field and J is the
current density, shou11 exhibit a scaling dependence on J
according to

(4)

where V+ is a scaling function. With Eq. (1) inserted, Eq.
(4) becomes

E J
g

with z the dynamic critical exponent. The critical ex-
ponents z and v are predicted to have universal values for
all realizations of the VG, irrespective of the microscopic
details of the disordered type-II superconductor.

A scaling relation can be constructed for the resistivity
as a function of the applied current density. Above T,
the linear resistance R&;„of a 3D correlation volume g
scales as the inverse of the lifetime of fluctuations in this
volume, i.e., Rh„~ 1/('. The linear resistivity p&;„ thus
scales as R~,„g /g~g' '. Above Tg, the current density
J„I where the current density-electric field (E J) curves-
cross over from an Ohmic current dependence at low
current densities to a nonlinear dependence at high
current densities on g as J„I~ T/g . ' The picture
behind this scaling relation is that the applied current
density J induces vortex excitations with a characteristic
length scale I that is given by
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FIG. 6. Scaling collapse of a small selection of E-J isotherms
0

taken near the VG transition in the 3000 A YBa,Cu307 Q film
at H =2 T. Labels indicate the temperatures at which the E-J
curves were taken. The values used for Tg, z, and v are the
values for optimum scaling collapse.

worsens in the sense that both tails grow "thicker" as v is
chosen further away from its optimum value. Figure 8
similarly shows the sensitivity of the collapse to the dy-
namic exponent z. A nonoptimal choice of z additionally
strongly affects the scaling collapse near T: successive
E-J curves no longer align onto a single scaling curve, but
instead are stacked like roof tiles. Variation of Tg has a
very similar effect. Determination of the optimum com-
bination of z and Tg is complicated by the strong correla-
tion between these two parameters. This can be seen in
Fig. 9, which shows a very elongated error ellipse. For
this reason, we adopt T as obtained from the procedure
leading to Fig. 5. This value approximately coincides
with the center of the error ellipse, as is to be expected.

For the case in point of the 3000 A YBa2Cu307 & film
at 2 T, we thus find that the nonlinear E-J curves obey
the three-dimensional scaling with an optimum scaling
occurring for the combination T =82.2+0. 1 K,
z =4.4+0. 1 and v= 1.9+0.2. Similar exponents were
found for other magnetic fields and the other 3000 A
films.

regard to the extent that the E-J data collapse onto a sin-
gle sharp curve. In other words, deviations from a single
well defined curve are minimized. Figure 7 shows the
effect of variation of v on the scaling collapse. A choice
of v deviating from the optimum value mainly affects the
collapse in the tails of the scaling curve. The collapse

B. Thin films (32~ t ~400 A)

Figure 10 shows a selected set of E-J curves for a 100
A film at 5 T. Results for other fields and for films with
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FIG. 7. Scaling collapse of more than 100 E-J curves for
three difFerent values of v. Frames (a), (b), and (c) refer to values
for v above, at, and below the optimum, respectively. The data
are taken in the 3000 A YBa&Cu307 z film at H =2 T.
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FIG. 8. Scaling collapse of more than 100 E-J curves for
three difFerent values of z. Frames (a), (b), and (c) refer to values
for z above, at, and below the optimum, respectively. The data
are taken in the 3000 A YBa2Cu307 z film at H =2 T.
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thicknesses between 400 and 32 A are very similar. In or-
der to appreciate the deviations of these data from purely
3D behavior, one should compare Fig. 10 to the results
obtained in the thick (t =3000 A) film of the previous
subsection (Fig. 4). The difference is most apparent at the
VG transition temperature T . For the thick film data,
Fig. 4, one can straightforwardly point out the tempera-
ture T at which the corresponding E-J curve obeys a
pure power law according to Eq. (6). At T, the EJ-
curves can clearly be seen to crossover from a positive
curvature at T & T to a negative curvature at T (T .

FIG. 9. Error ellipse of z versus T~, based on the quality of
the scaling plots. The error bar of T~ is derived from the pro-
cedure leading to Fig.5. The error bar in z then follows from its
correlation with T~.

For the thin film data of Fig. 10, however, it is impossible
to point out a temperature at which the corresponding
E-J curve over its whole J-range obeys a pure power law:
the low-current Ohmic dependence of the E-J curves per-
sists down to temperatures at which the high-current part
manifestly displays the negative curvature associated
with the VG phase.

To further investigate the differences from the 3D case,
we now turn to a critical-scaling analysis. In Fig. 11, it is
attempted to apply 3D critical scaling to the data of Fig.
10 for the 100 A film. It appears impossible to adjust the
scaling parameters Tg, z, and v in such a way as to arrive
at a collapse onto a single well-defined curve for the
whole E-J curves. This show that simple 3D scaling does
not apply for a film of this thickness. However, it is pos-
sible to obtain a good collapse if we restrict the data to
the high-current parts. This is shown in the inset of Fig.
11. For this plot, only those parts of the same E-J curves
with J &2X10 A/m have been scaled by use of the
method described in Sec. IVA. Apparently, the 3D VG
behavior is recovered at high current densities. Figure 11
shows the scaling collapse of the full E-J curves, where
the scaling parameters T~, z, and v, however, were opti-
mized for the high-current parts of these curves. The
low-current parts then bend away from the scaling curve,
appearing as horizontal lines in Fig. 11.This is consistent
with a linear resistivity at low J. For each isotherm, we
may now define a 2D-3D crossover point as the intersec-
tion of the low-current asymptotic value of
E/J~ T —T

~

' " and the scaling curve (cf. dashed lines
in Fig. 11). The result, the open circles in Fig. 10, visual-
izes the crossover from Ohmic resistivity in the 2D re-
gime to scaling behavior in the 3D regime. Quite in-
terestingly, the crossover takes place at a current density
of -2 X 10 A/m, which is consistent with the following
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FIG. 10. Selected E-J isotherms for the 100 A film at 5 T.
Consecutive E-J curves differ by approximately 1.2 K. The
thick solid line denotes the E-J curve at T~. The open dots
represent the crossover points where deviations from 3D scaling
set in, as derived from Fig. 11. The data in the upper right
corner (labeled 3D) show scaling behavior according to the VG
theory, whereas the data at lower left (labeled 2D) deviate from
3D scaling. The inset shows the 2D-3D crossover points found
for the 100 A and the 400 A film at a magnetic field of 5 T.

'to

5
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FIG. 11. The 3D scaling collapse of the E-J data of Fig. 10
for the 100 A film. The dashed lines illustrate the definition of
points that characterize the crossover from 3D scaling to 2D de-
viations (open dots in Fig. 10). The inset shows the scaling col-
lapse of only the high-current parts of the E-J curves, using the
T~, z, and v values indicated in the main plot.
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picture. With an applied current density J, one creates
vortex excitations with a typical length scale along the
film c axis'

3000 k

L, =&yL -(y kryo T/@0J)' (8) -4001

where y is the anisotropy parameter, which for
YBazCu307 s amounts to 0.2 According to Eq. (8) the
2D-3D crossover current density is equivalent with a
probing length of -200 A, which indeed is of the same
order of magnitude as the film thickness of 100 A. Note
that Eq. (8) is a rough scaling estimate only. For current
densities larger than this 2D-3D crossover current densi-
ty, the vortices are probed on length scales smaller than
the film thickness, and exhibit 3D behavior. For current
densities smaller than the 2D-3D-crossover current densi-
ty, the vortices are probed on length scales larger than
the film thickness. For this case, the E-J curves display
2D behavior. When scaled according to the 3D scaling
relation, they deviate from the main (3D) scaling col-
lapse. Comparing the results for the 400 A film and the
100 A film in the inset of Fig. 10, we see that the cross-
over between 2D and 3D behavior shifts to lower current
densities in thicker films, as expected from this argument.
For even thicker films, the 2D-3D crossover line moves
out of the measurement range.

An alternative way to illustrate the finite-size effect is
to directly estimate the VG correlation length along the c
axis (g, ). This correlation length can be derived from the
current density J„& at which the E-J curves cross over
from the Ohmic dependence at low J to a nonlinear
current dependence at high J. At J„I, the probing length
L, along the c axis roughly equals g„and with Eq. (8) we
find g, =(yk&T/@0J„i)'~ . For each isotherm, we ex-
tract J„I from the point where the E-J curves start to de-
viate from the low-J linear behavior. Somewhat arbi-
trarily, we define J„I as the value of J for which we have
BlnE/BlnJ=1. 2. The use of various other criteria for
the onset of nonlinearity yields essentially the same re-
sults. Figure 12 shows the resulting c-axis correlation
length as a function of the reduced temperature. Far
from the transition, g, follows the 3D critical divergence

g, ~1/(T —Ts) [cf. Eq. (1)] with v=1.7 (solid lines),
but g, appears to level off to a constant plateau (dashed
lines) upon approach of T . The plateau value roughly
scales with the film thickness (see inset). Typical num-
bers equal the film thickness to within a factor of up to 5,
which is quite satisfactory in view of the crude assump-
tions made in Eq. (8) as well as in the definition of J«.
These findings indicate that the growth of the 3D VG
correlation length indeed is limited by the film thickness.

C. Ultrathin films (t = 16 A)

As reported previously in Ref. 18, the behavior of vor-
tices turns completely two-dimensional in our thinnest
film of 16 A. The 3D VG transition, as observed in the
thicker films, is completely absent in this film. A scaling
collapse of the E-J curves according to the 3D scaling
equation (5) cannot be achieved for any combination of
T~, z, and v. Three-dimensional VCx order thus appears to

0 po
0

ioo )(

10

10—2
I I I I I I I I I

10
(T—Tg)/Tg

100

FEG. 12. The correlation length along the film c axis g, at 5 T
versus the reduced temperature for films of various thickness.
The solid lines denote the critical behavior g, ~ 1/(T —Tg)' .
The dashed lines indicate the leveling off upon approach of Tg.
The inset shows the plateau g, versus the nominal film thick-
ness. The solid line denotes a linear relationship.

be absent. However, 2D VG correlations may develop
towards 0 K, the critical temperature for a 2D VG as ex-
pected from the theory. ' ' The relevant length scale
of these correlations, the 2D VG correlation length gzD,
is expected to diverge critically at zero temperature ac-
cording to

An applied current density J creates 2D vortex excita-
tions with a characteristic length L =kzi T/@0J. Analo-
gous to the 3D case, the response to a current density is
linear at small current densities when L ) gzD, and be-
comes nonlinear at higher current densities when
L &gzD. Thus the current density at which nonlinearity
sets in is given by J«=k&T/&bogzD We have d. educed
J„& from the nonlinear E Jcurves for th-e 16 A film (cf.
Ref. 18). The temperature dependence of the 2D VG
correlation length gzD as derived from J„& is shown in
Fig. 13. From this figure we indeed see that gzD diverges
with decreasing temperature, reaching values of up to 0.3
pm near 5 K. Equation (9) yields a good fit to the data
(solid lines in Fig. 13). This constitutes experimental evi-
dence for a zero critical temperature for a 2D VG. From
the fits, we find v2D=2. 0+0.3, which agrees very well
with theoretical estimates of v2D that range from 1.8 to

14, 23 —28

For a 2D VG, Fisher, Tokuyasu, and Young have
predicted a temperature dependence of the linear resis-
tivity R „„according to

R „„~exp[ —( To/T) ], (10)

with p =1 for the case of classica1 thermal activation of
vortices over barriers, whereas p =0.7 if vortex motion
proceeds through quantum tunneling. In order to test
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FIG. 13. The 2D VG correlation length gin as a function of
0

temperature of the 16 A film at various magnetic fields. The
solid lines are fits of the data to a gin ~ I /T dependence. At
0.5, 2, and 5 T, we find v» =2.3, 2.1, and 1.7, respectively.

FIG. 14. Linear resistance versus inverse temperature 1/T
for the 16 A film at 0.5, 2, and 5 T in a semilog plot. The dashed
lines are fits to thermally activated vortex motion, i.e., Eq. (10)
with p =1. The solid lines are fits to the same equation with p
as a free parameter. At 0.5, 2, and 5 T we find p =0.65, 0.58,
and 0.41, respectively.

this, we have plotted the linear resistivity in an Arrhenius
plot; see Fig. 14. From fits Eq. (10) we find

p =0.55+0. 12. This is clearly less than 1. In other
words, the data do not show a simple thermally activated
temperature dependence (cf. the dashed lines in Fig. 14).
The low experimental value for p may be taken as an indi-
cation that the vortex motion proceeds through quantum
tunneling.

V. CONCLUSIONS

perature dependence of the 3D VG correlation length,
which levels off at the film thickness upon approach of
T . The results indicate that a VG phase transition does
occur at finite temperature in 3D systems, but not in 2D
systems. In the latter an onset of 2D VG correlations
occurs towards zero temperature. This is demonstrated
in our thinnest film, which displays a critically diverging
2D VG correlation length in the limit of zero tempera-
ture.

The nonlinear transport characteristics of very thin
YBa2Cu307 & films in a high magnetic field appear to be
different from those in 3D systems. The difference may be
understood in terms of a finite-size effect, in the sense
that a crossover from 3D to 2D behavior occurs when the
vortices are probed on length scales exceeding the film
thickness. The picture arises from a critical scaling
analysis of the data. It is further supported by the tern-
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