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Kinetic Roughening of Penetrating Flux Frontsin High-T, Thin Film Superconductors
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Kinetic roughening of flux fronts penetrating in superconducting thin films are studied by means of
a high resolution magneto-optic technique. The roughening exponent (e = 0.64) and growth exponent
(B = 0.65) obtained from a dynamic scaling anaysis of the initial stage of flux penetration and, at
small length scales, are characteristic for a static disorder dominated nonlinear diffusion such as also
observed in the directed percolated depinning model. At large length scale, @ = 0.46 indicates a
transition towards dynamic stochastic disorder, similar to the behavior of Kardar-Parisi-Zhang systems.
There is a striking similarity with the behavior of combustion fronts in burning paper.

PACS numbers: 74.60.Ge, 68.35.Fx

The relevance of dynamic scaling concepts in the study
of the growth of rough interfaces was illustrated in recent
years by comprehensive theoretical and experimental
work [1-5]. The interest is roused by the wide range of
phenomena where roughening occurs: fluid flow in porous
media [3,6—8], propagation of flame fronts in forest fires
and in paper [9—11], deposition processes [2,4], bacteria
growth [2], and tumor growth [12]. It has been proposed
that the gradual thermal depinning of a single vortex
line in a superconductor with randomly distributed weak
pinning centers might exhibit increased roughening [2].
Gilchrist and van der Beek also suggested a similarity
between transport in porous media and the nonlinear
diffusion of vortices in hard superconductors [13,14].
This work stimulated us to search for kinetic roughening
effects in high-T,. superconducting thin films with a
tailored defect structure leading to strong pinning. From a
detailed magneto-optical investigation of flux penetration
fronts in films, we made the interesting discovery that
penetrating flux fronts exhibit the same roughening and
growth behavior as burning paper [9-11].

The samples used for this work are YBaCu;O;—,
films on NdGaO; substrates [15,16]. The film thickness
is only 80 nm to prevent strain in the film. Analysis
with Rutherford backscattering spectrometry and x-ray
indicates that the @« and b axes have the same orientation
over the whole film, while the ¢ axis is perpendicular
to the substrate. The good quality of the films is also
confirmed by the high critical current density of 1.2 X
10" Am2a42Kin0T. TheT. of thefilmsis 90 K,
witha AT, = 0.5 K. The thin films are patterned, using
standard photolithography, in stripes with an aspect ratio
of 1:9 in the a-b plane, the long edge having a dimension
of 8.1 mm. Only the middle part of the long edges is
used to eliminate the finite size effects on the shape of the
fronts at the corners. The studied edges of the samples
were patterned as a straight line for sample No. 1 and with
a zigzag pattern of 1 um tooth width for sample No. 2.
Results for both samples are the same as discussed below,
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which indicates that the observed behavior is not sensitive
to edge topology.

The magneto-optic (MO) experiments are performed
using Bi-doped Y1G films with in-plane anisotropy as an
indicator for the local magnetic field. The spatial resolu-
tion of the indicator is better than 1 wm. Theindicator is
placed on top of the sample, and the ensemble is mounted
in our specially designed cryogenic polarization micro-
scope which fits into the variable temperature insert of an
Oxford instruments 1-T magnet system. This setup cre-
ates a two-dimensional image of the local magnetic field
at the surface of the sample. The sampleis cooled in zero
field to 4.2 K. Subsequently, the magnetic field is ap-
plied paralld to the ¢ axis of the sample, and images are
recorded at 1 mT intervals. From the MO image, the flux
front is determined as the borderline between the Shub-
nikov region where vortices are present (high intensity in
the MO image) and the flux-free (Meissner) region (low
intensity). At this borderline, by definition, the local in-
tensity equals the background intensity plus 3 times the
standard deviation of the noise in the background inten-
sity. The magnification is such that a pixel corresponds to
3 um, much larger than the largest details (growth islands
of 200 nm diameter) of the sample microstructure. Fig-
ure 1a shows a false-color MO image (high intensity rep-
resented with yellow, low intensity with blue) of sample
No. 2 at 11 mT. The image shows only the part used for
the analysis. The edge of the sample is indicated by the
black dotted line. The wiggly white line is added to indi-
cate the determined flux front. Figure 1b illustrates flux
fronts taken at a 1 mT interval from 1 to 17 mT. Since
the average of the flux front progresses linearly with field,
the value of the externa field is also indicative of the
time at which a front is recorded (the vortex diffusion is
driven by the external field). The deviation from linear
progression due to the thin film geometry is taken into
account.

The analysis of the front scaling behavior is performed
by means of two methods.
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FIG. 1. (a) (color) Magneto-optical image taken at 11 mT
after zero field cooling to 4.2 K of a80 nm thick YB&Cu;O;_,
film on NdGaO; (sample No. 2). High vortex density is
represented with yellow and low vortex density with blue.
The image shows only the part used for analysis (1.44 mm
in length) and the wiggly white line indicates the flux front
(determined according to the procedure described in the text).
The total length of the sample is 8.1 mm. (b) Flux fronts
observed in sample No. 2. The applied externa field is
increased by 1 mT between subsequent fronts. The first front
(bottom) is recorded at 1 mT and the last one (top) at 17 mT.

() The interface  width [2] w(L,t) =

\/ ([h(x,t) — h(t)]*), which characterizes the rough-
ness of the interface, is used: Here, x is the horizontal
position and ¢ is the time; the overbar denotes a spatial
average over awidth L. Intheinitial stage of the process,
w scales as t# while, in the saturation regime, w scales as
L%, where L is the system size. Although conceptually
simpler, for our experiments, just as for the paper burning
experiments [10], this approach is somewhat problematic
for the calculation of B because of the rather rapid
saturation of w(z). The caculation of o was, however,
possible due to the fairly large size of our systems, up to
500 pixels.
(i) The two-point correlation function [2],

Clx,1) = {{[8h(x0,70) — Sh(xo + x,10 + 1))},

1)
where §h = h — h is also used. This quantity enables
us to determine independently the exponents « and 8 by
fitting

c(,0) ~ 1%, for I < gy, 2

Cc(0,7) ~ B, for 1 < tgy . (3)
The agorithms were checked by applying them to
ballistic deposition model and Eden model simulations,

which gave values for @« and 8 in very good agreement
with the literature [2].

Before applying the analysis, we corrected for the
overall dope in the fronts data. Figure 2 shows the
spatial correlation function [C(1,0)]* for the samples
No. 1 and No. 2. It is immediately visible that both
samples exhibit the same two distinct scaling regimes
athough sample No. 1 has straight edges while sample
No. 2 has zigzag edges of 1-um amplitude. At short
length scales (regime I) the roughness exponent is a =
0.64, while « = 0.46 is found at larger length scales
(regime 11). These values are very close to those of the
directed percolation depinning (DPD) model [2,3] in the
case of a pinned interface and the Kardar-Parisi-Zhang
(KPZ) [1,2] models, respectively.

To determine experimentally the growth exponent 8, we
calculate the time-dependent correlation function, C(0, ¢).
The graph representing [C(0,¢)]> for both samples is
shownin Fig. 3. Asclearly seen in this figure, the curves
scale with an exponent 8 = 0.65, in excellent agreement
with the value given by the DPD model.

Remarkably, in experiments on burning paper [11], the
same two regimes for C(/,0) with the same exponents
were found. We now discuss the origin of thistwo regime
behavior.

Simulations of the DPD model, which incorporate
interface growth in the presence of quenched disorder,
lead to @ = 2/3 [2] while the KPZ model, which is based
on the nonlinear differential equation
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FIG. 2. Spatial correlation function calculated according to
Eq. (1) for samples No. 1 and No. 2. Sample No. 1 has a
straight edge, while the edge of sample No. 2 is patterned with
a zigzag pattern of 1-um tooth width. For clarity, the curves
are shifted vertically by one decade. By definition, half of
the slope in the log-log plot is the roughening exponent «.
Values for both samples and for both regimes are indicated.
Relatively high values close to the DPD value o = 2/3 are
observed for short lengths while, for large length scales, small
values (close to the KPZ value a« = 1/2) are observed. The
fact that the same exponents are obtained for a sample (No. 1)
with a smooth edge and a sample (No. 2) with a zigzag edge
proves that the edge topology is not relevant.
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FIG. 3. Time-dependent correlation function for samples
No. 1 and No. 2. Sample No. 1 has a straight edge, while
the edge of sample No. 2 is patterned with a zigzag pattern
of 1-um tooth width. Since the average of the flux front
progresses linearly with field, the value of the external field
(shown on the upper x-axis) is also indicative of the time
(shown on the lower x-axis) at which a front is recorded (the
vortex diffusion is driven by the external field). The deviation
from linear progression due to the thin film geometry is taken
into account. Half of the slope of this log-log plot is the
growth exponent 8. Note that these values are close to the
DPD value (8 = 2/3) characteristic of static disorder.

leadsto a = 1/2. In Eq. (4), h(7,t) isthe height of the
advancing interface, » and A are constants, and 7(r, t)
represents spatiotemporal disorder. The first term causes
relaxation of the interface by the surface tension v, while
the second term tends to enhance irregularities. It is the
lowest-order nonlinear term consistent with symmetries
and conservation laws. Equation (4) was originaly pro-
posed by Kardar-Parisi-Zhang with a white noise func-
tion n(7,1), dthough it is noted that the actual form
of the noise distribution is irrelevant. The KPZ model
has a growth exponent 8 = 1/3, while the DPD model,
on the other hand, is characterized by 8 = 2/3. From
this we conclude that the crossover observed both in our
experiments and that of Maunuksela et al. [10] may be
caused by a crossover from DPD to KPZ behavior. This
crossover occurs when temporal disorder starts to domi-
nate the spatial disorder due to the sample microstruc-
ture. Indeed, for burning paper, Amaral and Makse [11]
showed that the crossover in the roughness exponent oc-
curs at a length scale related to (but not necessarily equal
to) the corrélation length of the disorder in the medium
[11]. In our experiments we purposely took a larger pixel
size than the length scale of the microstructure of the
sample (island size), thus avoiding trivia effects due to
“imaging” of the sample microstructure. Our scaling re-
sults show self-organization at much larger length scales
than the static disorder in the system, but still dominated
by it due to the relatively small temporal disorder. In
other experiments we found that the crossover between
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the two scaling regimes takes place at different values of
x, suggesting that the crossover length is due to differ-
ences in the pinning landscape for vortices. Indeed, Dam
et al. [17] demonstrated recently that the average separa-
tion of the linear defects responsible for strong pinning
in YBaCu;O,_, films can be varied at will between 100
and 500 nm in pulsed laser deposited (PLD) films. These
strong pinning linear defects occur at the merging of the
trenches which separate growth islands. The effect isin-
creased pinning and not the creation of weak links.

At large length scales, the cumulative effect of temporal
disorder becomes dominant and exponents similar to the
tempora fluctuations KPZ model are found. It is aso
relevant that in this regime, for repeated experiments,
although the values for the exponents are precisely
recovered, the shape of the front does not reproduce
exactly. Thisis again indicative of a stochastic temporal
disorder.

At this point it is interesting to ask ourselves why
there is a strong similarity between burning paper (which
exhibits, for certain regimes, KPZ behavior [10]) and
flux penetration fronts in a superconductor. A partial
answer to this question can be given by considering an
activated model for vortex mot|on ina superconductor
From Maxwell's relation V X E = —% and E = B X
v, which for thermallz actlvateq motion in one dimension
can be written as E = p(j)j = prje VWK where
p(j) is the current dependent resistivity, p; is the
flux-flow resistivity, and U(j) is the current-dependent
activation energy for vortex hopping, one can derive the
following nonlinear equation:

p 2 > 2
apér,t) ()8 p(7, t)_l_b()[ap(r,t)}' 5)
t 0x

If « and b were constant, this would be the porous
medium equation, which is similar to the KPZ eguation,
Eq. (4). The coefficients a(j) and b(j) depend in fact
only weakly on the form of U = U(j). They can be
expressed in terms of the dynamical relaxation rate Q
asa(j)=0+1/Q)and b(j) = Q + dQ/dInJ The
dynamical relaxation rate Q = dInj/d In( dt) determined
from the sweep rate dependence of the superconducting
current istypically 0.03 = 0.01 (see[18]) at low tempera-
tures, and dQ/dInj is usualy very smal [18]. Hence
we approximately recover the porous medium equation
(where a and b are constant). For the particular case of
a logarithmic barrier dependence, i.e., U(j) = Uoln’7f,
we find a = (1 + Uy/kT) and b = kT /U, that is, the
porous medium equation as obtained by Gilchrist [14]
is recovered exactly. From this we conclude that the
resistivity obeys a nonlinear diffusion equation which is
very similar to the porous medium eguation, independent
of the exact model used to describe the creep, i.e, the
expression for U(j). At this point it is important to
mention that we do not study free diffusion, but driven
diffusion of vortices in the presence of a field gradient.
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Our experiment is similar to the driven diffusion of a
wetting fluid in a porous medium consisting of glass beads
closely packed between two glass plates [7].

The exact relation between the “porous medium” be-
havior of p and the measured development of the flux
front is presently not clear and certainly deserves further
theoretical investigation. It may, of course, be expected
that the nonlinear behavior of p will result in lowest or-
der in a KPZ equation for the flux front since the KPZ
eguation is the simplest nonlinear diffusion equation. The
noise term (7, ) in our case results both from static dis-
order and from thermal fluctuations, as discussed above.

In conclusion, our sensitive magneto-optical study of
penetrating flux in superconducting thin films reveals ki-
netic roughening of the interface between the magnetic
flux front and the vortex-free Meissner region. Two
scaling regimes are found: At small length scales or
short times where static disorder dominates, DPD-like
exponents are found (a¢ = 0.64 and B = 0.65) while,
at large length scales, temporal stochastic noise domi-
nates and KPZ-like exponents are found (o = 0.46). The
main result of this Letter is that there is a striking anal-
ogy between our data on superconductors and the re-
sults obtained on burning paper fronts by Maunuksela
et al. [10,11]. This suggests that vortex matter can be
used as a model substance to explore nonlinear diffu-
sion. For future studies vortex matter offers many ad-
vantages. (i) The density of particlesis easily varied over
a wide range by applying an externa magnetic field;
(ii) the dynamics of the system is much faster than that
of many other systems; (iii) the driving force for dif-
fusion is the external magnetic field or electric current,
which can be both easily varied and controlled; (iv) the
particle-particle (vortex-vortex) interaction is well known;
(v) experiments with diffusion of positive particles (vor-
tices) and negative particles (antivortices) in the same
sample are possible; (vi) the experiments can be repeated
many times on the same sample as the substrate is not
destroyed; (vii) it has real physical interest (fractal pene-
tration is unwanted in superconducting devices); (viii) in
similar samples roughening can be easily tuned by chang-
ing the anisotropy in the critical current [16]. Conversely,
the study of roughening in superconductorsisintrinsically
important as the scaling exponents are related to the nature
of the noise in the system and are thus a sort of fingerprint

of the pinning landscape of the superconductor. To in-
vestigate this relation, high-T,. superconducting films are
especialy interesting since they can be synthesized with a
tailored defect structure [17]. Work along these lines is
in progress.
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