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Roughening Transition of an Amorphous Metal Surface: A Molecular Dynamics Study
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By molecular dynamics with an embedded atom potential we study the surface properties of
amorphous Pd80Si20. We analyze the evolution of structural and dynamical properties on cooling
across the glass temperatureTg and we observe that the surface undergoes a deroughening transition
100 K belowTg, coincident with an anomaly in the surface diffusion. We show that the transition does
not depend on the details of the interatomic potential, and appears to be a general consequence of the
surface kinetics close toTg. [S0031-9007(96)01376-2]

PACS numbers: 68.35.Bs, 61.43.Dq, 68.35.Rh, 68.45.Kg
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Since amorphous metals are disordered and isotro
[1], one might think that their surfaces would be relative
simple, more akin to the liquid surface than to the crys
ones, with their variety of structures and phase transitio
[2]. A closer look, however, suggests a number of i
triguing questions, related to the crossover from liquidlik
to solidlike behavior of structural, mechanical, and d
namical properties that has to take place around the g
transition. These questions add further interest to a s
ject of considerable importance because of the poten
applications of amorphous metal surfaces in catalysis [
and of their role in the kinetics of glass formation an
recrystallization [4].

To gain insight into this subject, we perform molecula
dynamics simulations for the surface of an amorpho
metal alloy, i.e., Pd80Si20, based on the embedded atom
method (EA [5]). On cooling slowly across the glas
temperatureTg, we observe the evolution from a roug
surface in the liquid to a smooth surface in the amorpho
solid, taking place at a temperatureTR that is 100 K
below Tg. This change appears to be abona fidephase
transition of order higher than first, displaying a clos
analogy with the roughening transition in crystal surface
To understand its origin, we analyze the evolution of th
system properties aroundTg. We observe that roughening
coincides with an anomaly in the surface diffusion due
residual surface relaxation at a temperatureT (T , Tg)
for which the bulk is kinetically frozen. By contrast
the most apparent change in the surface dynamics cl
to Tg, i.e., the evolution from capillary waves in the
liquid to phonons in the amorphous solid, takes place a
temperature higher thanTg, and cannot be directly related
to roughening. We show that our results are insensitive
the details of the interatomic potential, and appear to b
general consequence of the system kinetics close toTg.

Previous renormalization group computations [6] an
Monte Carlo simulations [7] for lattice models of solid
0031-9007y96y77(15)y3169(4)$10.00
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surfaces with quenched disorder and long range orien
tional order suggested the presence of a super-roughen
transition at a temperatureTSR , TR, below which the
mean square fluctuation of the vertical position of the in
terface diverges faster than for a rough surface. Our sim
lation does not support this scenario for a truly amorphou
system, and offers a different picture, at the same time le
exotic than “super-roughening,” but also very intriguing
As could be expected, the amorphous surface appears
be simply intermediate between the liquid and the soli
surfaces, sharing features of both. On the other hand, t
surface of amorphous metals is much less constrained
the bulk than crystal surfaces, and the admixture of liqui
and solid features is different for the different propertie
that one considers. In particular, the continuous nature
the glass transition allows the changes in structural, d
namical, and thermodynamic properties to occur as ind
pendent transitions, while they would collapse at a sing
point in the case of a discontinuous first order transitio
like the freezing from liquid to crystalline solid.

Our computation is based on the EA potential fo
Pd80Si20 described in Ref. [8] and shown to reproduce th
major features of Pd80Si20, without, however, achieving a
fully quantitative description. The inaccuracies, discusse
in Ref. [8], are compensated for by the simplicity of the
model, which allows us to simulate large systems and lon
times with a workstation.

We simulate 22 112 Pd and 5536 Si atoms arranged
a slab of 48 Å width, limited by two square surfaces o
side lengthL  96 Å, perpendicular to thez axis and pe-
riodically repeated in thex-y plane. The slab is equi-
librated during 50 ps at 1600 K, temperature well abov
the Tg  959 K estimated for the model, and for which
the atoms diffuse rapidly. The slab is quenched to 300
by successive discontinuous rescaling of velocities. A
each stage we decrease the temperature by 100 K, equ
brate the system for 16 ps, and perform a microcanonic
© 1996 The American Physical Society 3169
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run of 16 ps to collect statistics. The total simulation co
ers more than 0.6 ns.

Preliminary results for a slab 4 times smaller, with th
same surface to volume ratio, prepared with the sa
quenching rate have been reported in [9]. The sta
structure and thermodynamics computed for the two siz
are indistinguishable. In particular, the glass temperat
is the same, and equal to the one computed in Ref. [8]
a bulk sample of 864 atoms periodic in three dimension
Other results of the previous computation relevant to t
present discussion can be summarized as follows: in
undercooled liquid range, from,1800 K down to Tg,
diffusion barriers are 700 K lower at the surface than
the bulk, resulting in an enhanced relaxation and order
at the surface. The entire slab, however, is amorpho
and no crystal nucleus is formed during the simulatio
This picture, confirmed by the present computation,
illustrated by the behavior of the density profile for Pd an
Si as a function ofz, reported in Fig. 1. The surface is
enriched in Pd, but segregation does not extend more t
2 Å below the surface. Already at 1455 K, i.e., 400
below the estimated melting point of the model, there
some tendency to layering in the Pd profile. Layerin
increases with decreasingT , and is clearly enhanced a
the surface, but never approaches the degree of o
characteristic of a crystal, however hot and defective [1
The Si profile, on the other hand, does not display a
significant ordering.

To discuss the surface structure, we need to ident
the surface atoms. To this aim we attribute an atom
radius rPd and rSi to Pd and Si [11], respectively, and
we compute the area that each atom exposes to the
surface by Monte Carlo integration: we distribute rando
points on the surface, and we count how many of the

FIG. 1. Density profile averaged along the surface planexy
versusz in the undercooled liquid range atT  1455 K (a),
and at T  300 K (b). Full line: Pd atoms, dashed line: S
atoms. Only half of the slab is displayed.
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fall within the disk associated to each atom. Points
intercepted by more than one atom are attributed to th
one with the highest (lowest)z for the upper (lower)
surface. The areaSi exposed by atomi is computed as
the ratio of the numberNi of intercepted points by the
average densityrRP of random points:Si  NiyrRP . By
using105 random points we achieve an accuracy of a few
percent inSi . Finally, surface atoms are those exposing
more than 30% ofpr2

PdsSid for Pd and Si, respectively.
This definition reproduces the intuitive identification of
surface atoms for the most common crystal surfaces;
is similar to those adopted in other studies [12], and is
to some extent, equally open to discussion. We verified
however, that the results are unaffected by small change
in the atomic radii, the number of random points, or the
cutoff area used to define the surface atoms.

Surface roughness is usually discussed in terms of th
height-height correlation function:

Hsj Ri 2 Rj jd  kj hsRid 2 hsRjdj2l

wherehsRd is the vertical location of the surface at the
(2D) positionR in the surface plane. In our computation,
for each configurationhsRid is defined by thezi coordi-
nate of thesurface atomswhose position ishRi , zij. For
a smooth surfaceHsRd tends to a finite limit asR ! `,
while, by definition, it diverges in the case of rough-
ness. For liquid surfaces or rough surfaces on a crysta
substrate, the divergence is logarithmic [2]. In the case
of super-roughening [6],HsRd is predicted to diverge as
log2sRd. The HsRd computed for our slab is displayed
in Fig. 2 for the undercooled liquid range (T  1455 K)
and the amorphous phase (T  300 K). In the first case,
HsRd has a clear logarithmic behavior. In the second
case,HsRd tends to a finite limit forR $ 35 Å. At nei-
ther temperature the log2sRd form characterizing super-
roughening provides an accurate fit of the simulation.

Simulation studies of roughening are notoriously diffi-
cult because of the slow divergence ofHsRd, requiring
large systems and accurate statistics. The range forR re-
ported in Fig. 2 (12 , R , 40 Å) has been selected in
order to neglect the short range part, affected by larg
fluctuations, as well as the range beyond 40 Å (equal t
80% of Ly2) that could be affected by finite size errors.
To increase our confidence in the results, we include in
Fig. 2 the points relative to the previous simulation with
6912 atoms, also cut at 12 Å and at 80% ofLy2 (in this
case 20 Å). The comparison underlines the good agree
ment of the two computations, and shows that a large sys
tem size (R $ 35 Å) is required to distinguish the smooth
from the rough behavior.

To characterize the transition in a quantitative way, for
each simulatedT we fit HsRd by the superposition of the
logarithmic component and a short range function:

HsRd  Hl lnsRyRcd 1 B exps2RyRcd 1 C .

Hl , B, and C are free parameters, whileRc  8 Å
has been selected in order to have a short range pa
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FIG. 2. Height-height correlation functionH as a function
of R. Dots: 27 648 atoms simulation; circles: 6912 atom
simulation. Note the logarithmic scale forR and the different
vertical scales in the two plots. The full lines are the fit of th
first half of the data with a lnsRd dependence.

sufficiently linearly independent from the logarithm in the
range12 # R # 40 Å. This form yields a remarkably
accurate fit forHsRd. The plot for the amplitudeHl of
the logarithmic part as a function ofT (Fig. 3) allows
us to locate the transition atTR  850 K, separating the
rough phase at highT from the smooth one at lowT ,
for which Hl is zero within the error bar. The figure
suggests thatHl has the square root dependence onT
(Hl ,

p
T 2 TR, T $ TR) characterizing the roughening

of crystal surfaces. However, the error bars [estimat
by dividing the statistics forHsRd into two parts] do not
allow a precise identification.

The roughening temperatureTR coincides with an
anomaly in the surface diffusion observed in the previo
study [9]. To investigate the relation of the two, we
superimpose to Fig. 3 the ratioR of the diffusion
coefficient for the surface atoms and for the atoms with
the bulk (those located 10 Å away from the averag
surface plane). This plot confirms the picture propose
in the previous paper: surface relaxation is facilitated b
low diffusion barriers, and enhances order at the surfac
Particularly important is the discontinuity ofR coincident
with TR, that was unexplained in the previous study. Ou
extended computation shows that the anomaly is real, a
probably connected to the roughening transition: belo
TR the restructuring of the surface increases the diffusio
barriers and reduces the diffusion constant.

It would be tempting to relate the roughening transitio
to the transformation of the surface excitations from
d
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FIG. 3. (a) AmplitudeHl of the logarithmic part ofH as
a function of T (see text). (b) RatioR of the diffusion
coefficient for the “surface” atoms and the “bulk” atom
(see text). Full circles: Pd atoms; empty circles: Si atom
Representative error bars are reported.

capillary waves in the liquid to phonons in the amorpho
solid. To establish a connection with the continuu
approximation inherent to the capillary wave picture, w
define a continuous surfaceZsR, td that, at each timet
approximates the discrete atomistic surface. We expr
ZsR, td as a Fourier series:

ZsR, td 
X
q

hAqstd cossqRd 1 Bqstd sinsqRdj ,

whereq is a 2D wave vector compatible with the surfac
periodic boundary conditions. The sum is limited
q # 0.7 Å21 (corresponding to,150 terms) to define
a function Z varying slowly in space. At each timet,
Aqstd andBqstd are computed by linear least squares fit
the instantaneous positionszisRi , td of the surface atoms.
To isolate in ZsR, td the dynamical excitations from
static surface corrugations [that are described byHsRd],
we subtract fromAqstd and Bqstd their time average,
and we introduce the new variables̄Aqstd  Aqstd 2

kAqstdl and B̄qstd  Bqstd 2 kBqstdl which describe the
amplitude of the surface oscillations whose polarizati
is perpendicular to the surface plane. In Fig. 4 w
report the average amplitudeWq  k

q
Ā2

qstd 1 B̄2
qstdl as a

function ofq for three temperatures. Capillary waves a
characterized byWq , q21 for low q [13], and we used
this functional form to fit the simulation results. The fit i
excellent forT  1455 K, apart from a few points closes
to q  0, affected by finite size effects, and supports t
3171
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FIG. 4. AmplitudeWq of the surface excitations as a functio
of the modulus of the wave vectorq (see text). Note the
different scales. The full lines are fits of the data withaq21

description of the surface dynamics in terms of capilla
waves. By contrast, theq21 fit is apparently inadequat
at the other two temperatures, includingTg. This shows
that the transformation of the surface excitations fro
liquidlike to solidlike takes place at a temperature high
thanTg, and cannot be directly related to the roughen
that occurs only 100 K belowTg.

To verify that our results are not an artifact of the sh
simulation time, we cycled the temperature over 500
aroundTg: we started,200 K below Tg, increasedT up
to 1200 K, and decreased again to the startingT following
the same procedure of the first quench. The proper
computed in this short cycle reproduce those of the m
computation well within the error bars.

Metals are characterized by many-body forces t
compensate undercoordination at the surface by an
crease of the atom-atom attraction. To evaluate
importance of this effect, which also tends to increase
dering at surfaces, we repeated our simulation with a p
potential that mimics as close as possible the propertie
the bulk. In deriving the two-body potential from the E
one, we followed the prescription of Ref. [14]. This la
computation shows that the results discussed above do
depend on the details of the potential: the glass temp
ture of the two-body model is only slightly lower than th
EA one, the logarithmic amplitudeHl tends to be higher
than that reported in Fig. 3 at high temperature, but a
displays a clear roughening transition at a temperatureTR

that is now 150 K belowTg.
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To our knowledge, the most direct experimental info
mation on the surface morphology of amorphous me
als is provided by scanning tunneling microscopy imag
for Rh25Zr75 [15] and Fe91Zr9 [16], covering extended
areas (,500 3 500 Å2) at relatively low resolution. The
images show large scales hills and grooves, as well
atomically flat terraces. Unfortunately, the aim of thes
studies being the catalytic applications of amorphous
loys, the conditions of the measurements were not op
mized to highlight the intrinsic properties of the surfac
and no systematic study of the surface structure as a fu
tion of temperature has been reported. The relation
those images with our simulation, therefore, is uncerta
It would be very interesting to image an amorphous me
surface at high resolution, and to test directly our simul
tion results by measuring the correlation functionH for an
area of,100 3 100 Å2. The surface should be aged a
moderately high temperature (although safely below the
crystallization temperature) to obtain a reproducible stru
ture. Under these conditions, the relatively wide tempe
ature range of stability of roughness on amorphous su
strates, and the fact thatTR andTg are significantly lower
than typical transition metal melting temperatures, cou
provide a suitable testing ground for the statistical mecha
ics and thermodynamics of the roughening transition.

We thank M. Bernasconi, W. Kress and M. Parrinell
for useful discussions.
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