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Molecular-dynamics model of interface amorphization
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The atomic arrangements of a metallic superlattice, such as the one formed by Co and Zr, and their
redistribution with growing temperature, are studied. The Co-Zr system was reported by Schréder
et al. to become amorphous because of a solid-state reaction. A molecular-dynamics simulation is
performed, using Lennard-Jones—type interatomic potentials. The way in which disorder develops as
the temperature increases is graphically displayed. The temperature at which the layers first become
disordered, and subsequently melt, is found to be strongly dependent on the thickness of the slab.

I. INTRODUCTION

Metallic-glass formation through interdiffusion at an
interface between two crystalline metals has attracted
the interest of physicists, metallurgists, and chemists for
some time.! Glass formation through solid-state interdi-
fusion, in a multilayer structure of two crystalline metals,
was reported? 4 by Johnson and Schwartz in 1983, and
has since been studied by several groups.® In particu-
lar, Schréder, Samwer, and Koster® studied, by electron
microscopy, the metallic-glass formation at Zr-Co inter-
faces.

They grew a Zr (34 nm) — Co (20 nm) multilayer struc-
ture (ZrgsCoss). After annealing for 2 h, at temperatures
as low as 510 K, a significant interface reaction had al-
ready taken place. Maintaining the same temperature
for hours, or even minutes, leads to the formation of an
almost complete Co-rich amorphous microstructure, of
average concentration ZrgoCogg, with only a few Zr crys-
tals remaining.

Obviously time scales of the order of hours, or even
minutes, are completely outside of the realm of feasibil-
ity of molecular dynamics (MD). However, successful MD
simulations of structural relaxation of an amorphous al-
loy have been carried out’” within reasonable comput-
ing time. They seem to provide a consistent picture
of the atomic environments, as revealed by good agree-
ment with experiments.?? In fact, it can be confirmed
that after 100 MD time steps an arbitrary given veloc-
ity distribution converges to that given by the Maxwell-
Boltzmann law, even at temperatures of only 100 K. A
typical order of magnitude value for a MD time step is
10~15 5. A Debye frequency of 300 K corresponds to
~ 1.4 x 10713 s and thus, to more than a hundred MD
time steps, which seems quite reasonable. Consequently,
one expects to be able to draw some physically valid con-
clusions on the basis of simulations of around 10 000 time
steps, which is equivalent to ~ 101! s of real time, in-
cluding the study of amorphization and structural relax-
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ation. Kobayashi and Takeuchi’ make an even riskier
assumption: they conjecture that simulated annealing
in MD may be representative of experimental annealing.
This implies the existence of some kind of scaling be-
tween the system size and the time it requires to reach
thermodynamic equilibrium; a conjecture which has not
been proved up to now.

A major issue in carrying out MD simulations is an
adequate choice of the interaction potential. In fact, it
has been shown that several properties may depend on
the potential selected to carry out the simulation.!® Re-
cently, Plimpton and Wolf!! have discussed this problem
in great detail and proposed a method which gives a lin-
ear relation between barrier height and melting temper-
ature, which turns out to be appropriate to predict dif-
fusion coefficients and transport properties for any pair
potential in fcc metals.

We choose as our potential a Lennard-Jones (LJ) pair-
wise interaction, modified in accordance with the spirit
of Ref. 11 and incorporating information pointed out
by Massobrio, Pontikis, and Martin,'? in their study of
amorphization in NiZr;. Details on the precise selection
of the potential are given in Sec. II.

However, the Lennard-Jones interaction potential we
adopt is too simple to describe transition-metal alloys
and compounds. Thus, when we speak of slabs of Co
and/or Zr we only do it in a generic sense, intending
to illustrate the general behavior of systems with two
different atomic elements, which are spatially adjacent,
and which have the atomic size and melting temperatures
of Co and Zr, respectively. Consequently, our results
do not pretend to model the Co-Zr system rigorously,
but rather apply to a class of systems dominated by size
effects, of which Co-Zr may be an example.

This paper is organized as follows: after this introduc-
tion the model is described in Sec. II. Results of the
simulations, carried out for a variety of different situa-
tions, are reported in Sec. III. A summary is given and
conclusions are drawn in Sec. IV, which closes this con-
tribution.
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II. MODEL

The system consists of slabs of fcc (100) layers of cobalt
and zirconium parallel to the z-y plane, which provide a
physical model quite close to the actual hexagonal struc-
ture. The single-crystal nearest-neighbor distances be-
tween pairs of Co and Zr atoms are 2.51 and 3.23 A,
respectively, and are taken as data to fit the potential
parameters. We consider these to be of Lennard-Jones
type, but with exponents 4 and 8, as suggested in his
book by Harrison,!? for transition metals. We therefore
assume, for the interaction of two atoms of the same el-
ement, the potential given by

A, B
V(r)=~7 + 5 +Car + Da,

(2.1)
where a = Zr or Co, and the parameters C and D were in-
cluded in order to allow for a smooth potential cutoff.!!
In fact, they were chosen so that the potential goes to
zero with zero gradient at r = 2d, where d is the position
of the minimum of V(r). In addition, the curvature of
the potential at the minimum is determined by fitting
the experimental value of the respective bulk modulus.
The parameters A, B, C, and D are uniquely determined
by these requirements. For the interaction between un-
like atoms we have taken the geometric average of the
parameters of the pure materials.

However, the magnitude of the cohesive energies of
cobalt and zirconium turn out to be about one-half of
the experimental values, if one retains only the sum of
these pairwise interactions in the energy calculation.!?
Due to the sharp cutoff of the potential, at twice the ra-
dius which corresponds to its minimum, only up to third-
neighbor interactions are nonzero for the fcc structure
(first-, second-, and third-neighbor distances are d, V2d,
and +/3d, respectively). Moreover, second- and third-
neighbor interactions are of course significantly reduced
as a consequence of the cutoff. Thus, to obtain reason-
able values for the cohesive energy E.,n, we write it as
the following sum of pairwise interactions:

Eeon =6V (d) + 3V(V2d) + 12V(V3d) + G, (2.2)

where the G term is closely related to the slowly varying
density-dependent attractive term of the embedded atom
method. 14

At the start of our calculations we fitted the experi-
mental value of E.op, with G = 0, and ignored the exper-
imental bulk moduli as data. But, this procedure gave
unreasonable values not only for the bulk moduli, but
also for the melting temperatures. However, we then re-
alized that it was unnecessary to repeat the simulations
in order to also fit the experimental values of the bulk
moduli. In fact, it is enough to multiply all energies
and temperatures by a constant £ < 1, which implies a
rescaling of the time intervals by a factor 1/v/k. Since
the values of k obtained by fitting the bulk moduli of
pure Co and Zr turned out to be different, we adopted
an average value of k = 0.4 for the mixed system. Table
I shows the parameters that were actually used, taking

WEISSMANN, RAMIREZ, AND KIWI 46

TABLE I. Constants for the Lennard-Jones potential.
Co Zr
A —13.755 —52.087
B 51.646 523.16
C —0.14325 —0.15398
D 0.5847 0.80864

into account this multiplicative factor. They are given in
nondimensional units, to be defined in Sec. III.

Two features related to our potentials are interesting
to notice. The first one is that they fall on the universal
curve of Rose et al.1® And, on the other hand, when we
evaluate the fcc Zr cohesion energy as a function of the
lattice parameter, it turns out to coincide with the results
of Massobrio, Pontikis, and Martin!? in spite of the fact
that they go beyond pairwise potentials.

The number of atoms in the layers were chosen so as
to make the misfit at the Zr-Co interface as close as pos-
sible to the experimental ratio of the lattice constants,
compatible with a manageable system size. The number
of atoms in one cobalt layer was chosen as 9x9 x 2 = 162
and in zirconium as 7 X 7 X 2 = 98, since % =1.285...1is
quite close to the ratio of nearest-neighbor distances of
Zr and Co atoms. Periodic boundary conditions in the
z-y planes were adopted. In the z direction both a pe-
riodic and a slab geometry were investigated, for various
different numbers of superimposed layers. The cell size
in the z direction was obtained from simulations with the
slab geometry.

At this point we once again remark that, while many of
the parameters correspond to Co and Zr they are taken
only as representative entities, in order to obtain physical
trends. Because of the crude Lennard-Jones interaction
potential we adopted, our model does not incorporate
in detail all the complexity of the actual metallic Co-Zr
system.

Our procedure is not as general as that of Lutsko et
al.,'8 in that we do not incorporate the temperature de-
pendence of the lattice parameter, that is, we limit our-
selves to study a constant volume system. As will be
shown below, the overall size of our system does not show
a significant thermal expansion, within the temperature
range we investigate, so that this shortcoming does not
seem to affect our main inferences.

III. RESULTS

The molecular-dynamics (MD) simulations were imple-
mented, for up to 50000 time steps in every run, accord-
ing to the scheme outlined in Sec. II. The time step we
adopted is of 4.4 x 10715 s, our unit of length is 1.5486 A,
and the temperatures are reported in units of ~ 5400 K.
Our interest is to trail closely the disordering process,
which we do by slowly increasing the temperature. Thus,
we start with a normal velocity distribution at a low-
temperature value, and increment the total energy by
boosting these velocities in small steps.

The most direct and convenient way to describe dis-
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order is simply to display graphically the particle distri-
butions. For example, the number of particles between
z and z + dz, the plot of all particles close to the inter-
face in the z-y plane, etc. However, some quantification
of the degree of disorder was also implemented through
the evaluation of the structure factor, the pair-correlation
function, and mean square atomic deviation.

The static structure factor, i.e., the Fourier transform
of the density in each crystallographic plane parallel to
the interface, was calculated as suggested by Phillpot,
Yip, and Wolf in Ref. 17, as a convenient way of char-
acterizing the degree of order in a plane. It is defined
as

2

1| &
S(K,n)=<m D _exp(iK - 1) > ’

z j=1

(3.1)

where n labels the crystal plane to which the points r; be-
longed at low temperatures, and K is a vector of the pla-
nar reciprocal lattice [in particular, we used K = (1,1)].
The structure factor S = 1 for a perfectly ordered crystal
and decreases to zero when complete disorder sets in. We
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speak of the amorphization of layer n when its structure
factor S — 0. While this approach follows the spirit of
the work of Phillpot, Yip, and Wolf,!7 the reservations
raised by Robbins, Grest, and Kremer,!® in their study
of finite-size effects in MD simulations of melting, should
be kept in mind.

Another probe of disorder is to calculate go(r), the
pair-correlation function, defined as the number of atoms
between (r,r + dr), provided that there is one atom at
the origin. Analytically

g92(r) =n(r)/no , (3.2)
where n denotes atomic density, 7 = |r|, and r = 0 de-
fines the position of a reference atom. Still another way
to characterize disorder is to evaluate the mean square
deviation from the initial configuration {(r —ro)2), which
is related to the diffusion coefficient.

The most important observation, related to the results
of our simulations, is that before any interdiffusion is ob-
served, first the interface, and then all the Co layers be-
come completely disordered. (In this context, we denom-
inate interdiffusion the crossing of the interface of atoms
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Histograms of the spatial distribution of 1944 Co and 980 Zr atoms, denoted by open circles and full triangles,

respectively, for various values of the temperature ¢ after 5000 time steps. (a) t = 0.2, (b) t = 0.24, (c) t = 0.27, and (d)

t = 0.30.
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of one species, towards the side where originally only
atoms of the other species could be found.) Of course
this disordering is due to the lower melting point of Co
relative to Zr, but the phenomenon is strongly enhanced
because of the small number of crystal planes in each
layer. This disordering temperature is very sharp, for a
given number of Co planes, both in the slab geometry
and when periodic boundary conditions are imposed in
the z direction.

A. Slab geometry

As already mentioned, an overall feature of our compu-
tations is that the slab does not change significantly its
volume. Thus, we choose to carry out a constant volume
calculation, rather than implementing more sophisticated
procedures.'®

As a first example we took a slab of four Co and
four Zr planes; that is, 648 Co and 392 Zr atoms sub-
ject to periodic boundary conditions (PBC) in the z-y
plane, but free in the z direction. For temperatures as
low as t = 0.10 one already observes a strongly reduced
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FIG. 2. Projection of the atomic positions on the z-y

plane of the atoms within two lattice spacings of the original
interface, at two different temperatures. As in Fig. 1 the Co
and Zr atoms are denoted by open circles and full triangles,
respectively. (a) t = 0 and (b) t = 0.27.
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[Sco(K, 2)| < 0.2 in the Co side of the interface, while
the Zr planes remain practically unperturbed. Much the
same holds true for t = 0.12, except that a qualitative
change is observed in the Co pair-correlation function
92(r), which becomes smooth for the higher temperature
value.

In contrast, a slab consisting of six Co and four Zr
planes behaves quite differently. In fact the system re-
mains periodic for temperatures up to ¢t = 0.20, except for
a slight degree of interface reconstruction. At ¢t = 0.24
the structure factor |Sgo(K, 2)| = 0, the Co interface
pair-correlation function is quite smooth, and interface
amorphization and interdiffusion are observed. However,
bulk interdifusion remains negligible below this temper-
ature.

Upon a further increase in system size to 12 Co and
10 Zr planes, that is, 1944 Co and 980 Zr atoms, it is
observed that bulk periodicity is retained for tempera-
tures up to t = 0.27. In fact, the histograms displayed in
Fig. 1 show a sharp interface at t = 0.21, while at t = 0.24
some Co atoms have moved to the first Zr layer and vice
versa. When ¢t = 0.27 is reached some Co atoms have
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FIG. 4. Structure factor S(K, j) for several values of t vs
the layer index j.

penetrated the second Zr layer, but bulk periodicity has
not been significantly changed beyond this second layer.
However, at t = 0.30 it is quite apparent that the Co side
has lost periodicity and that atoms of both species have
penetrated deeply into the other.

These features are further validated by Figs. 2 and 3,
which depict the atomic positions after several thousand
molecular-dynamics time steps. The disordering process,
induced by increasing temperature, is clearly illustrated
and easily visualized in these figures. Here and through-
out, Co atoms are denoted by circles and Zr atoms by
triangles. Figure 2 shows a projection of the atomic po-
sitions on the interface (z-y plane), of the atoms within
two lattice spacings of the original interface. Figure 3 in-
stead provides a projection of the atomic positions onto
a (100), or z-z plane, perpendicular to the interface.

All the above peculiarities are corroborated by the
structure factor S(K, z) of the Co layer next to the in-
terface, which is portrayed in Fig. 4 for several values
of the temperature ¢t. It is observed that interface melt-
ing [|Sco(K, 21)| = |Sz: (K, z1)| = 0, where 2 stands for
the interface layer] occurs at t = 0.24, while interdifusion
starts at ¢ = 0.225. Also the pair-correlation function
g2(r), defined in Eq. (3.2) and displayed in Fig. 5 for
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t = 0.15 and 0.27, shows long-range order for the lower
temperature, but only short-range order above ¢t = 0.27.
We have also contrasted these results with those obtained
for a pure isolated Co slab, to check that the reduction of
|Sco(K, 2)|, and the subsequent interface melting, actu-
ally develop for higher temperature than those reported
above. In fact, for ¢t = 0.27 the layers close to the sur-
face exposed to vacuum remain ordered, while in Fig. 4
a significant reduction in the value of |Sco(K, 2)|, for 2z
in the vicinity of the interface, is observed.

At this point it is quite clear to us that the system
undergoes an order-disorder phase transition, with the
gradual disappearance of long-range order, first at the
interface and subsequently in the bulk. A more detailed
understanding of the process is obtained through the
scrutiny of Fig. 6, where we have plotted the mean square
deviation of the atoms on the Co layer closest to the in-
terface. At t = 0.15 a very small diffusion coefficient,
conveying the concept of a solid, is obtained. On the
other extreme, at t = 0.30 the calculation yields a value
of D ~ 6x10~° m? /s, compatible with the liquid state.!?
However, at t = 0.27 the magnitude of the diffusion co-
efficient is 20 times smaller D =~ 3 x 1071 m?/s, and
thus turns out to be consistent with the idea of an amor-
phous layer. Therefore, we understand that our results
portray an order-disorder transition in which the fusion
process nucleates around interface amorphization, and
propagates from the interface towards the bulk, as the
temperature increases.

Also the plot of total energy versus kinetic energy, dis-
played in Fig. 7, shows interesting features, which are
compatible with the picture that emerged above. Up
to t = 0.24 the slope is small and constant. A larger
constant slope, consistent with interface amorphization,
holds between ¢t = 0.24 and 0.29. Above the latter a
clearcut discontinuity, related to the solid-liquid transi-
tion, is observed.

The above characteristics, size-dependent melting tem-
perature, interdiffusion, and interface amorphization,
change only quantitatively when the calculations are per-
formed under the imposition of periodic boundary con-
ditions, as will be described in detail below.
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FIG. 6. Mean square deviation of the atoms on the Co
layer closest to the interface for ¢t = 0.15, 0.27, and 0.30.
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B. Periodic boundary conditions

Again in this section we start reporting results of cal-
culations made on small complexes and compare them
with the corresponding ones obtained for larger systems.
The smallest one we investigated consists of six Co and
four Zr layers, subject to PBC in all three directions, and
thus made up of 972 Co and 392 Zr atoms, 1364 particles
in all. Under these conditions, and after 6000 time steps
at a temperature of ¢ = 0.21, the structure factor S(K, z)
signals a complete melting of all the Co planes, while the
Zr ones retain a certain degree of periodicity, as implied
by |Sz:(K, z)| = 0.5. The interfaces remain sharp, with
no hint of interdiffusion. When the temperature is raised
to ¢ = 0.25 the preceding description remains valid, ex-
cept for a larger value of |Sz:(K,z)|, and the onset of
interdifusion, both of Co into Zr and vice versa. For the
two temperatures mentioned above, ¢t = 0.21 and 0.25,
the Co interface pair-correlation function g(r) turns out
to be quite smooth, implying interface amorphization.

When the size of the slab is increased to eight Co and
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FIG. 8.

Histograms of the spatial distribution of 1944 Co
and 980 Zr atoms, denoted by open circles and full triangles,
respectively, with periodic boundary conditions in the three
spatial directions, and for ¢t = 0.27.
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FIG. 9. Structure factor S(K, j), for t = 0.25 and 0.27 vs
the layer index j for the periodic boundary conditions case.

six Zr planes, which corresponds to 1296 Co and 588 Zr
atoms, the Co planes melt at the considerably higher
temperature of t = 0.25, while the Zr ones retain a high
degree of periodicity, except for the interface layer whose
|Sz:(K, 2)| ~ 0.5. Interface atom interpenetration is ob-
served, in the sense that a significant number of atoms
of one species is found in what was originally the sur-
face layer of the other, with even a few atoms of both
elements interdiffusing into the bulk of the other. The
Co interface pair-correlation function shows short-range
order at t = 0.21, but becomes quite smooth at ¢ = 0.25.
The periodicity of the Zr surface and bulk structure is
still present at ¢t = 0.32.

When the system is further enlarged to 12 Co and 10 Zr
planes, i.e., to 1944 Co and 980 Zr atoms, it still retains
bulk periodicity at t = 0.27, as can be observed in the
histogram of Fig. 8, which is quite similar to Fig. 1 for
t = 0.24. On the other hand, interface disorder sets in
close to t = 0.27, as can be deduced from inspection of
Fig. 9, where the interface structure factor is displayed.

IV. SUMMARY AND CONCLUSION

A Lennard-Jones molecular-dynamics simulation was
implemented to model the atomic arrangement of an AB
superlattice. We adopted for A and B the physical pa-
rameters of Co and Zr, respectively. However, while the
crudeness of the Lennard-Jones potential does not allow
us to model fully the metallic Co-Zr system, many trends
obtained from our calculations are compatible with ex-
periment. In fact, the Co-Zr superlattice becomes amor-
phous, according to the experimental results of Schroder,
Samwer, and Koster,® due to a solid-state reaction, which
is compatible with our results.

The overall picture which emerges from our calcula-
tions, and which applies to a class of systems dominated
by atomic-size effects, can be summarized as follows. (i)
As the temperature t increases interface amorphization
develops, while the bulk remains periodic. (ii) Upon
a further increase in temperature the disorder spreads
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towards the bulk. (iii) At even higher values of ¢ the
whole system melts. (iv) These conclusions are robust,
i.e., only quantitatively altered, by the adoption of ei-
ther slab or periodic boundary conditions. (v) The char-
acteristic of the process just described depend on the
number of layers of the system adopted to carry out
the molecular-dynamics computations. As expected, the
temperatures for which the transitions occur scale with
size, until the system becomes large enough to adequately
model a macroscopic sample.
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