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The kinetic roughening of dissolving polycrystalline pure iron has been studied. A depth analysis of

surface images has shown two consecutive growth regimes characterized by different scaling anomalous

properties: an initial intrinsic anomalous scaling evolving in the thick film limit towards the theoretically

conjectured faceted anomalous scaling. This represents the first experimental evidence of such scaling as

well as of such transition. The dynamics presented here may account for the striped surface pattern

observed during the evolution of metals or alloys in a large number of processes.
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In the past decade, a great deal of theoretical [1–6] and
experimental [7–16] effort has been devoted to the study of
anomalous scaling in kinetic surface roughening. To char-
acterize it, generic dynamic scaling forms for the correla-
tion functions of the system have been proposed [4]. The
basic function to consider in real space is the local width
wðl; tÞ, defined by the rms surface height fluctuations in
square windows of size l on a system of lateral size L. The
generic dynamic scaling proposed for it can be written as

wðl; tÞ � l�fðl=t1=zÞ, with � and z being, respectively, the
roughness and the dynamic exponent of the growth, and
where the scaling function fðuÞ has the general form

fðuÞ � u�ð���locÞ for u � 1 and fðuÞ � u�� for u � 1.
An independent local roughness exponent �loc character-
izes scaling at local scales. The complete characterization
of the scaling properties of a growing surface must also
consider the scaling of the power spectrum or structure

factor Sðk; tÞ, proposed as Sðk; tÞ � k�ð2�þdÞsðkt1=zÞ, with
the scaling function sðuÞ � u2ð���sÞ for u � 1 and sðuÞ �
u2�þd for u � 1, where d is the topological dimension of
the surface and �s is known as the spectral roughness
exponent. It has been theoretically argued [4] that this
generic scaling ansatz includes all the existing scaling
behaviors in scale invariant roughening, normal or anoma-
lous, which can be derived as subclasses of it and grouped
in the following classification:

�s < 1 ) �loc ¼ �s

�
�s ¼ � ) Family-Vicsek

�s � � ) intrinsic

�s > 1 ) �loc ¼ 1

�
�s ¼ � ) super-rough

�s � � ) faceted:

(1)

The physical origin of the different forms of anomalous
scaling has not yet been clearly resolved, and it is still a
matter of great interest. Super-roughening and intrinsic
anomalous roughening have been found [1,3,6] to be re-
lated with a nontrivial dynamics of the local slope fluctua-

tions: hðrhÞ2i � t2�, where � > 0 and �� �loc ¼ z�. In
particular, for the intrinsic case, it has been theoretically

argued [1] and observed in discrete models [5] and experi-
ments [8,10–12] that it is due to nonlocal effects on the
growth. The third type of anomalous scaling has been
predicted theoretically [4] and observed in some growth
models [4,17], but as far as we know, it has not yet been
experimentally reported. It has proved to account for the
coarsening kinetics of faceted interfaces resulting from
models for self-organized depinning and interface growth
in disordered media [17,18]. Another important question
addressed here and less explored in previous experimental
works concerns the evolution of anomalous scaling in time
[5,12,15], especially in the thick film limit. In this Letter,
we show that an anomalous scaling behavior can evolve in
the thick film limit towards a different anomalous class,
and we report the first experimental evidence of the theo-
retically conjectured faceted anomalous scaling.
We have studied electrodissolution of pure polycrystal-

line iron (99.99%) at constant current density. For details of
the experimental setup, the reader is referred to Ref. [16].
To explore the thick film regime, the electrode was sub-
mitted to galvanostatic high anodic dissolution (J ¼
12:7 mAcm�2) up to different dissolution charges yielding
the following depths of attack: 0.94, 1.68, 2.81, 4.68, 8.42,
14.03, and 25:25 �m. Surface topography was measured
using a Veeco D3100 AFM in tapping mode. Images of two
different scan lateral sizes l�: 30 and 5 �m, were acquired,
both with the same 512� 512 pixel resolution. To gain
statistics in the scaling analysis and check reproducibility,
several regions of the sample were imaged with these two
scan sizes, thus addressing different grains. Local width
wðl; tÞ was obtained from the average over all square
windows of side l � l� covering a particular image, and
then averaged again over all the images obtained with the
same scan size at the same dissolution charge. The mini-
mum l considered in our analysis is that corresponding to 4
times the dimension of a single image pixel, i.e., l �
4l�=512. For each dissolution charge, different images of
30 �m (5–10) and 5 �m (10–15) were recorded up to
obtain a good coincidence, in terms of overlapping values
of l, between the two curves wðl; tÞ vs l. Power spectrum
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Sðk; tÞ was calculated from the height data of the largest
window (l� ¼ 30 �m) and then averaged over different
windows.

In Fig. 1, we display a representative time sequence of
AFM images corresponding to the largest window inves-
tigated in each charge. Surface topography evolution can
be divided into two consecutive growth regimes. Regime I
comprises initial dissolution charges up to 4.5 C [Figs. 1(a)
to 1(c)]. The analysis of the data has shown that local width
and power spectrum increases with dissolution time at

local scales (l � t1=z), as expected in the intrinsic anoma-

lous scaling: w� l�loct� and Sðk; tÞ � k�ð2�sþ2Þt2ð���sÞ=z.
The scaling exponents have been estimated in different
ways. The collapses of local width and power spectrum
have been displayed in Fig. 2. In spite of the fact that both
local roughness and spectral exponents seems to increase
slightly with the dissolution time (not shown here), very
good collapses are obtained by using exponents � ¼ 1:6
and z ¼ 2:0 for the local width, and � ¼ 1:6 and z ¼ 2:3
for the structure factor. When measured for the largest
dissolution time (Q ¼ 4:5 C), anomalous exponents take
the value �loc ¼ �s ¼ 0:9. According to those results, a

growth exponent� ¼ �=z 	 0:7–0:8 is expected. Figure 3
shows the scaling of the saturated local width [wsatðtÞ ¼
wðl; tÞ for l � t1=z] with the dissolution charge. It behaves
according to the predicted power law �t� with � ¼ 0:78,
in excellent agreement with the previous estimate. To add
more consistency to the results, we have measured the
exponent � characterizing the anomalous scaling of the
average local slope (inset of Fig. 3). It gives � ¼ 0:34 in
good agreement with the prediction from the collapses:
� ¼ ð�� �locÞ=z ¼ 0:30–0:35. We then conclude that in
regime I, metal surface displays an intrinsic anomalous
roughening.
Regime II corresponds to charges from 4.5 C [Figs. 1(c)

to 1(e)]. Because of the high morphological anisotropy, the
dynamic scaling in the orthogonal direction to the anisot-
ropy (case d ¼ 1)—indicated by horizontal lines in
Fig. 1—has also been analyzed. For that purpose, 20 differ-
ent cross sections with the same length l� ¼ 20 �m were
considered in each AFM image, thus giving an ensemble of
100 profiles approximately for each dissolution charge. For
the scaling analysis of the local width, we have divided
each profile in linear segments of size l � l�. An unusual
anomalous behavior has been observed in both dimensions.
Local roughness unexpectedly decreases with the dissolu-

FIG. 1 (color online). Sequence of 30 �m� 30 �m (a)–(c) and 20 �m� 20 �m (d), (e) top view AFM images after different
increasing dissolution charges. Solid lines in images (c) to (e) indicate the direction of the cross sections taken for the d ¼ 1 scaling
analysis.
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FIG. 2 (color online). Best collapse of local width for disso-
lution charges of regime I. Exponents used are � ¼ 1:6 and z ¼
2. The straight lines have slopes �0:7 (dashed line) and �1:6
(solid line). The inset shows the best collapse of the correspond-
ing power spectrum, obtained by using exponents � ¼ 1:6 and
z ¼ 2:3. The straight lines have slopes 1.4 (dashed line) and 5.2
(solid line).
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FIG. 3. Saturated local width for different dissolution charges
of regime I. Fitting straight line has slope � ¼ 0:78
 0:03. The
inset shows the average local slope obtained from the analysis of
the smallest windows (l� ¼ 5 �m) for the same dissolution
charges. Fitting straight line has slope 0:68
 0:02.
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tion time at small scales (l � t1=z), as shown in Fig. 4 for
the d ¼ 1 analysis, whereas the expected increasing is
observed for larger scales. To highlight the change in the
scaling behavior between regime I and regime II, the result
from Q ¼ 2:5 C (regime I) has also been plotted for com-
parison. This anomalous behavior is due to the fact that
�< �loc. The collapse for each dimension has been dis-
played in the insets of Fig. 4. For d ¼ 1, it is optimal by
using the exponents � ¼ z ¼ 0:8, whereas for d ¼ 2, we
have employed � ¼ z ¼ 0:71. Again, the local roughness
exponent slightly increases with dissolution time; for the
largest charge studied, it takes the value �loc ¼ 0:95 (d ¼
1) and �loc ¼ 0:9 (d ¼ 2). For the power spectrum, shown
in Fig. 5, a similar effect is observed. As dissolution time
increases, the curves seem to shift downward for enough
small momenta k just before the saturation is reached. This
anomalous power-law displacement in time indicates that
�< �s. In d ¼ 1, the decay of Sðk; tÞ for long times and
small momenta gives an estimate of �s ¼ 1:4 whereas it is
�s ¼ 0:9 in d ¼ 2. The best data collapses have been
shown in the insets of Fig. 5 and have been obtained by
using exponents � ¼ z ¼ 0:85 (d ¼ 1) and � ¼ z ¼ 0:75
(d ¼ 2). Results from d ¼ 1 are in excellent agreement
with the anomalous scaling ansatz for faceted surfaces. The
d ¼ 2 case is not so evident since scaling exponents do not
fully match scaling relations for faceted scaling. Estimates
of anomalous exponents�loc and�s are close to the critical
value 1 that would indicate the presence of a faceted
anomalous scaling. They might be underestimated due to
the anisotropic character of the pattern since in the d ¼ 2
analysis, all directions are averaged, including those that

are not faceted that much. On the other hand, the fact that
both �loc and �s seem to increase with the dissolution
charge suggests the possibility that exponent estimates
might be affected by the crossover between the two rough-
ening regimes and that for larger dissolution charges, their
values might approach to 1, thus indicating a faceted
anomalous scaling. We tried to explore larger dissolution
charges, but in that case, huge surface instabilities in the
form of growing pits appeared, thus modifying surface
topography.
Since that scaling has been related with the coarsening

dynamics of faceted surfaces, we have also analyzed the
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FIG. 5 (color online). Power spectrum of cross sections (d ¼
1) of size 20 �m for different dissolution charges of regime II.
The straight segment has slope �3:8 and corresponds to �s ¼
1:4. Inset (a) shows the best data collapse with exponents � ¼
z ¼ 0:85. The straight lines have slopes �1:1 (dashed line) and
2.7 (solid line). Inset (b) shows the best collapse for d ¼ 2 with
� ¼ z ¼ 0:75. The straight lines have slopes �0:3 (dashed line)
and 3.5 (solid line).
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FIG. 6 (color online). Decay of the slope-slope correlation
function in cross sections and for dissolution charges of regime
II. The inset shows the evolution of the lateral mound size for the
three charges considered. Fitting straight line has slope 1:24

0:09.
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FIG. 4 (color online). Local surface width measured from
cross sections (d ¼ 1) for different dissolution charges. The
solid straight line is plotted to guide the eyes and has slope
0.95. Inset (a) shows the best data collapse for Q � 4:5 C
(Regime II), obtained from exponents � ¼ z ¼ 0:8. The straight
lines have slopes 0.15 (dashed line) and �0:8 (solid line). Inset
(b) shows the best collapse of local width for d ¼ 2 and same
dissolution charges. Exponents used are � ¼ z ¼ 0:71. The
straight lines have slopes 0.19 (dashed line) and �0:71 (solid
line).
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kinetics of the lateral mound size RðtÞ, obtained from the

first zero of the slope-slope correlation function Gðr; tÞ ¼
hrhðx; tÞrhðxþ r; tÞi. The coarsening length growth is

expected to follow a power law RðtÞ � t1=zcoarse , with the
coarsening exponent zcoarse given by the dynamic exponent
zcoarse ¼ z. In Fig. 6, we show the decay of the slope-slope
correlation function calculated from the cross sections of
the three charges considered. The growth of the correlation
length has been shown in the inset. Data fit gives a coars-
ening exponent zcoarse ¼ 0:81 which agrees with the value
of z obtained from the collapses of w and S for d ¼ 1. It is
worth noticing that the average surface slope, given by
Gð0; tÞ, behaves anomalously—decreases—with time, in

contrast with the power-law growth hðrhÞ2i � t2� expected
for intrinsic anomalous roughening and super-roughening
[1,3,6].

In our opinion, the origin of the initial intrinsic anoma-
lous roughening lies in the strong anisotropic nonlocal
growth produced by the differences in the dissolution rates
of the different crystallographic directions present in a
given texture. Anisotropic dissolution thus acts, exposing
close packed crystalline planes—more resistive to dissolu-
tion—that pin the surface, whereas it is depinned along
crystal directions less packed. This mechanism is probably
coupled with surface diffusion and related nonlocal effects
such as Schwoebel-barriers [19], and both lead to the initial
formation of pyramidal structures with smooth faceted
walls, which is consistent with the value �local � 1 [see
top view AFM image displayed in Fig. 7(a)]. After a
certain time, those pyramids commence to line up in a
particular direction giving rise to a highly anisotropic
pattern [Fig. 1(c)]. Such striped morphology has been
observed on metallic surfaces grown by sputter deposition
[19] or corrosion [20] and seems to be a result of the
underlying crystal structure, with the anisotropy direction
being texture dependent, as shown in Fig. 7(b). Finally, the
coalescence of the stripes along the direction orthogonal to
the anisotropy leads to the development of a faceted sur-

face [regime II, Fig. 1(e)], and its coarsening dynamics
results in the conjectured faceted anomalous roughening. It
is worth recalling that dynamic scaling presented here is
intragranular and does not take into account intergranular
effects [19,21]. Furthermore, not all the grains addressed in
our study exhibited the pattern. In fact, dissolution resistant
grains appeared as high terraces [20] with rare morpholo-
gies and were disregarded in the present study.
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(a) (b) 

FIG. 7 (color online). (a) Pyramidal formations in regime I
(l ¼ 30 �m). (b) Image of the electrode surface displaying two
neighboring grains (l ¼ 10 �m).
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