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Size Effect in the Vortex-Glass Transition in Submicron YBa;Cu30, Strips:
Evidence for Softening of Vortex Matter
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The I-V curves of YBayCu3O, strips, with widths of 0.54 to 5.6 um, were measured in magnetic fields.
All the strips showed critical scaling behavior, and a clear decrease in the vortex-glass (VG) transition
temperature with decreasing width was observed. This finding proves that the interaction range of vor-
tices is relevant in characterizing the phase transition, and that softening of the vortex-matter elasticity
occurs upon approaching this scale. Moreover, the results are not easily explained by the flux-creep pic-

ture and give strong support to the VG picture.

PACS numbers: 74.60.Ge, 74.60.Ec

High-temperature superconductors provide a new and
rich field of physics in the mixed state, where anisotropy,
short coherence length, and thermal fluctuations play
significant roles. One of the most interesting things is the
possibility of a second-order phase transition from vortex
liquid to vortex solid. It is known that a flux-line lattice
with a long-range crystalline order cannot be formed in
the presence of microscopic disorder [1], and a “vortex
glass” (VG) has been proposed for the possible low-
temperature vortex-solid phase [2]. In this Letter, we
call the interacting vortex system in general ‘“vortex
matter.”

A scaling theory for the phase transition between the
vortex liquid and the VG has been developed [2], with the
first evidence for the transition given by Koch et al. [3]
by confirming the scaling behavior in the current-voltage
(I-V) characteristics. However, several authors claimed
[4] that the observed change in the I-V curves can be ex-
plained within the framework of the conventional flux-
creep (FC) theory or the thermally assisted flux-flow
(TAFF) theory: They argued that the observed behavior
is merely a crossover from an activated flux-creep regime
to a viscous flux-flow regime. After these claims, support
to the VG transition picture has been given by extending
the voltage resolution to an extremely low region [5], and
also by showing scaling behavior in the ac impedance [6].
Very recently, it was also shown that the low-temperature
phase is not a vortex lattice but a vortex glass by examin-
ing the dissipation mechanism in that phase [7]. Al-
though it has become rather clear that the VG transition
does exist, much of the nature of the transition is yet to
be solved: What is relevant in characterizing the vortex
phase transition? What is the scale of the interaction be-
tween vortices in the transition?

In this Letter, we address these problems by introduc-
ing a new approach, namely, by looking at a size effect in
the VG transition. The experiment consists of careful
measurements of the /-V curves for five narrow strips
with different widths made from the same film. The
widths of the strips range from 0.54 to 5.6 um. A clear

© 1992 The American Physical Society

decrease in the VG transition temperature T, with de-
creasing widths below 2 um was observed. We show that
this finding can be understood to be a consequence of
softening of the vortex-matter elasticity and that the in-
teraction range of vortices is relevant in characterizing
the phase transition. It was shown experimentally that
the scale of interaction between vortices is given by the
penetration depth.

Two kinds of size effects can be considered with re-
gards to the VG transition in perpendicular fields; the
effect of thickness and that of width. The former is relat-
ed to the dimensionality of the vortex system: It has been
shown [8] that, upon decreasing the thickness, a crossover
from the 3D to the 2D regime occurs and that there is no
finite-temperature VG transition in the 2D regime. For
YBa;Cuz0, films thicker than 0.25 um, only the 3D be-
havior has been reported [3,6,7], and therefore we chose
the thickness of 0.3 um to see solely the transverse size
effect, the effect of the width, which is expected to be re-
lated to the scale of interaction between vortices. So far,
strips with widths wider than 2 um have been used
[3,6,7], and no dependence of T, on the width has been
reported.

The samples studied here were made from a high-
quality, c-axis-oriented YBa,;Cu30, film grown by laser
ablation on a MgO(100) substrate. The film was first
patterned by a standard photolithography technique with
Ar-ion milling, into the shape of 8-um-wide, 27-um-long
microbridges with 1-mm-wide contact pads on both ends.
The five strips studied here were patterned on the same
substrate at the same time. A focused ion beam (FIB)
with Ga ions was subsequently used to mill the micro-
bridges into strips with widths of 0.54, 0.79, 1.3, 1.8, and
5.6 um. All the strips had a length of 10 um except for
the 5.6-um-wide strips which were 27 um long. The pho-
toresist on the microbridges was left, so the FIB milled
both the YBa,;Cu3O, and the photoresist; this photoresist
was useful in protecting the YBa,Cu3O, from suffering
damage from the top surface. A standard dc four-probe
method was used for the measurement. The voltage was
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read with a Keithley 182 nanovoltmeter, with an averag-
ing time of 1.5 s for each current direction. The stability
of the temperature during the /- measurements was
better than 0.03 K. The magnetic field was applied along
the ¢ axis by using a superconducting magnet. The tem-
perature error due to the magnetoresistance of the ther-
mometer was less than 0.5%.

The normal-state resistivity of the strips at 100 K was
about 170 uQcm and the difference between the strips
was less than 10%. All the strips showed zero resistivity
at 85.5%x0.1 K, except for the 0.54-um strip which
showed a slight broadening of 0.5 K, which can be ob-
servable only below 1 g Qcm. The critical current densi-
ty J. (the criterion was 4x10 7> V/em) at 77 K in zero
field was, starting from the narrowest strip, 1.7x10°,
2.2x10% 0.9x10% 1.5%10% and 2.3x10° A/cm?, re-
spectively. These data support the conclusion that there
is no substantial, systematic change in samples with vary-
ing width caused by our processing. We have also es-
timated the Larkin-Ovchinnikov pinning length /1o [1],
as in Ref. [7], to be ~ag in all the strips, where ay is the
vortex spacing: This indicates that our strips are in the
“amorphous limit” and in the same regime as the earlier
works [3,71.

One of the most common ways of localizing the VG
transition is the measurement of the I-V curves with
small temperature intervals [3,7). Figure 1 shows the I-V
curves in 1 T for the 0.54-um- and 0.79-um-wide strip;
the plots are logJ vs logE (J and E are the current densi-
ty and the electric field, respectively). Similar curves
were also taken in the magnetic fields of 2 and 3 T, and
for the other strips. The general characteristic of the VG
transition, namely, an abrupt change of the curvature
from positive to negative upon decreasing T, was clearly
seen in our strips. The VG transition temperature 7, was
identified as the temperature at which the positive- and
negative-curvature regions are separated. For example,
the I-V curves of 0.79-um strip in 1 T [Fig. 1(b)] show
positive curvature at a lower current density above 77.8 K
but show only negative curvature below 77.5 K, so we
determined the 7, for this case to be 77.7 K. The VG
scaling theory [2] predicts that the /-V curve shows
power-law behavior E~J@*"/2 at T,  where - is the
dynamical exponent. The dashed lines in Fig. 1 show this
putative power-law I-V curve. The exponent z was calcu-
lated with the slope of this dashed line. At higher tem-
peratures, the I-V characteristics are linear at small
current densities; linear resistivity p; is well defined here.
This p, should vanish as p; ~(T—Tg) ™" at T,. We
calculated the static exponent v with the slope of logp, vs
log(T—T,). This exponent v determines the behavior of
the VG coherence length §g~|T— Tgl ~Y. Table I shows
the measured exponents for the five strips. The changes
in z for different fields were within errors bars. The 1-T
data were used to obtain v.

An important prediction of the theory [2] is that a scal-
ing relation E = J&; ~°6 + (JEZ), where 6 + (x) is an ap-
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FIG. 1. I-V curves at H=1 T for the strips with the widths
of (a) 0.54 ym and (b) 0.79 um. The I-V curve moves to the
right with decreasing temperatures, which are listed in the
figure. Insets: Collapsed data plots of the I-V curves at tem-
peratures (a) from 74.2 to 79.0 K and (b) from 75.9 to 80.5 K.
The scaled parameters are Ja=J/|T—Tg|? and (E/J)sa
=(E/ND/|T—T,|*e V.

propriate scaling function, holds near the VG transition.
This means that all the I-V curves should collapse onto
two universal curves above and below Ty, respectively,
if scaled as J=J/|T—T,|* and (E/N)sa=(E/])/
|T—T,|**~ V. The insets in Fig. 1 show that our I-V
data obey this scaling law: This gives us evidence that we
are looking at the VG transition in our narrow strips.

In the VG state, dissipation with an applied current is
supposed to occur by expansion of thermally activated
vortex loops [2], which leads to the I-V curve of the form
E~Jexpl—(Jo/J)*] below T, Recently, Dekker,
Eidelloth, and Koch have shown [7] that the exponent u
is not universal but only current-density dependent. We
have also analyzed our data and confirmed that our re-
sults agree with those of Ref. [7]. The value of u
changed from 0.1 to 0.95 with increasing current density.
All the data from different strips collapsed onto a single
line similar to the one in Fig. 3 of Ref. [7].

Figure 2 is our main result. The strip-width depen-
dence of T is shown in this figure. A decrease in T, with
decreasing strip width is clearly seen. The fact that there
is essential similarity between our narrow strips and wid-
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FIG. 2. The strip-width dependence of T at H=1, 2, and 3
T. The solid lines are theoretical fits to the data with Eq. (1).
Inset: VG transition lines for the five strips. The solid lines are
fits to the data with H= (T, —T)".

er ones studied in earlier experiments [3,7] proves that we
are looking at the same phenomenon as in the earlier
works and that we have obtained dimensional information
relevant to this phenomenon. It should be emphasized
that the VG transition occurs as sharply in the narrowest
strip as in wider ones, which proves that the observed
phenomenon comes not from the superposition of both the
behavior of a bulk and that of the edge but from the be-
havior of the vortices in the system as a whole.

Now we show that the observed decrease in T, can be
understood in the context of the VG theory. It is expect-
ed [9] that T, is close to the vortex-lattice (VL) melting
temperature T, of a clean system when /o~ ag, which is
the case for our film; therefore, the size effect on T is ex-
pected to be the same as that on 7,,. We discuss the
change in T,, by using the theory of elasticity of VL [10].
In an infinite system, the energy of an elastic mode k is
given by (u,(K)®,5us(k))/2=kpT/2, where ®yp is the
elastic matrix. (We follow the notation used by Brandt
(10].) Assuming that the interaction range of vortices is
given by the penetration depth A, we suppose that, for all
the elastic modes k, the interaction energy density of vor-
tices within the depth A from the surface of a strip is re-
duced by a factor of ¢, on average, compared to that of
the vortices far apart from the surface, because they have
no counterpart for interaction outside the strip. This
leads to the reduction of the total elastic energy of the
system by the factor of [(W —2)\)+{2A]1/W, where W is
the strip width. Then, by using the Lindemann criterion,
a straightforward calculation gives the reduction of T,
which is equivalent to the reduction of T,. The result is

=Tl —22(1 = )/W], (1)

where T} is the transition temperature of a bulk system.
We use A =0.14 um at zero temperature and assume
two-fluid temperature dependence.

The solid lines in Fig. 2 are theoretical fits to the data
with Eq. (1). The parameters used are T =83.1, 81.0,
and 79.4 K and ¢=0.80, 0.73, and 0.68 for H=1, 2, and

TABLE I. Measured exponents for the five strips.

Strip width (um) z v Vo

0.54 9.7+0.7 0.70£0.2 1.07 £0.1
0.79 8312 0.77£0.4 1.06 £ 0.1
1.3 72%x1.0 0.76 £ 0.3 0.99 0.1
1.8 6.9*1.2 0.73+0.4 0.84+0.1
5.6 5.6x1.0 1.2+0.6 0.75%0.1

3 T, respectively. This magnetic field dependence of {
may come from the effects neglected in our model, such
as the k dependence of ¢, the discreteness of VL ignored
in the continuum approximation used here, or the effect
of the surface shielding current. However, our simple
model describes the physics in our narrow strips fairly
well, since the fit of the data by Eq. (1) is very good.

The inset of Fig. 2 shows the shift of the VG transition
line with the strip width. The solid lines are the theoreti-
cal line H=(T.—T)?*" fitted to the data. The fits are
very good. The values of vg are listed in Table I. The
theoretical prediction for vo is ¥ for the zero-field critical
region [2]. Our results are somewhat larger than this
value and show an increase with decreasing width. As
shown in Table I, the dynamical exponent z also shows an
increase with decreasing width. On the other hand, the
critical exponent v does not show a dependence on the
width within our experimental resolution. This nonuni-
versality of the critical exponents should not be con-
sidered as disproving the existence of the phase transition,
because our systems are so small that some breakdown of
the universality of the scaling is expected. Note that
universality is expected only in an infinite system. The
apparent increase in z, which means a faster critical slow-
ing down, may be related to the softening of the system.

Can our results also be explained by the FC or TAFF
theory? Since it is difficult to formulate the *“‘crossover
temperature” which is the substitute for T, we will not
discuss its size effect but concentrate on the accompany-
ing effect. In the context of these theories, the activation
barrier U(T) for a vortex bundle is approximately given
by d(np;)/d(1/T). Although the relation p;~(T
—T,)*®™ 1 actually holds near 7, and U is, strictly
speaking, not well defined, we have calculated this ap-
parent U around 82 K, which is shown in Fig. 3. This
apparent U increases with width. However, as shown in
the inset of Fig. 3, J, in magnetic fields at 77 K shows lit-
tle systematic correlation with the width. In the TAFF
theory, J. is determined by Eo=wyBfoexp(—U/kT)
xsinh(J.BV.wp/kT), where Eq is the criterion electric
field, wy is the hopping distance, fo is the attempt fre-
quency, and V. is the correlation volume. With this for-
mula, it is very difficult to explain that a size effect in J,
is roughly absent, when U shows a clear size effect. Note
that our strips are in the amorphous limit where no
significant change in V. and w, with width is expected.
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FIG. 3. The strip-width dependence of the apparent activa-

tion energy in 1 T. Inset: The strip-width dependence of J. in
0.3and 1 Tat 77 K.

On the other hand, in the VG theory, J, in the VG state
is determined by Eo=J.£}*6_(J.£2). At 77 K
(< Tg), the increasing &, for narrower strips (because of
decreasing Tg) tends to lead to a decrease in J., but at
the same time the increasing z (which makes {;_2 even
smaller) tends to lead to an increase in J.. This trend
qualitatively explains the rough irrelevance of J. on
width.

It is worthwhile to note the essential difference between
our results and the other transverse size effect observed in
the depinning line measured by a vibrating-reed tech-
nique [11]. The latter is a natural consequence of the
diffusive nature of TAFF, and is expected to occur in the
region above T,. The depinning line is a line in the H-T
plane defined by D(H,T) =const, where D(H,T) is the
diffusivity of the vortex liquid. A vibrating-reed tech-
nique detects the line where the resonance frequency
equals the reciprocal diffusion time = ~'=z2D(H,T)/R?,
where R is a characteristic sample width [11]. Therefore,
the depinning-line shift with decreasing R, which was re-
ported in Ref. [11], just corresponds to the change of the
criterion of D(H,T)=const; namely, the change in the
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nature of the vortex liquid itself was not observed in this
experiment.

In conclusion, we have measured the VG transition for
five narrow strips with the widths ranging from 0.54 to
5.6 um, and found a clear decrease in T, with decreasing
strip width. This finding proves that the vortex-vortex in-
teraction range is relevant in characterizing the vortex
phase transition and that the scale of interaction is given
by the penetration depth. The observed size effect in T,
can be understood to be a consequence of softening of the
vortex matter elasticity and, together with the behavior of
Je, can consistently be explained within the context of the
VG theory. On the other hand, it is difficult for the FC
or TAFF theory to consistently explain the results: Our
observation gives strong support to the VG picture.
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