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Molecular-dynamics simulation of amorphous alloys:
I1. Self-diffusion

E H Brandt
Max-Planck-Institut fiir Metallforschung, Institute fiir Physik, D-7000 Stuttgart 80,
Federal Republic of Germany

Received 10 October 1988, in final form 25 April 1989

Abstract. The self-diffusion of atoms in amorphous two-component alloys is simulated by
molecular dynamics. Plots of the atomic paths show that at high temperatures T the atoms
perform random walks and at low T they oscillate and eventually jump to new positions. The
distribution of the atomic displacements is Gaussian with a mean square increasing at large
timestas A + 6Dtwhere A originates from oscillations and D defines the diffusion coefficient.
In all amorphous systems and at the relatively high temperatures investigated D(T') exhibits
Arrhenius behaviour over at least three decades. The corresponding pre-exponential factors
Dy and the activation energies E are listed for various atomic interactions and masses. In all
cases Dyis 2 to 10 times d(U/m)"? and E is 1.5 to 3 times U (d = position and U = depth of
the minimum in the interaction potential between the majority atoms of mass m). In a given
alloy the E values of small and large atoms are nearly equal and D, is larger for small and
light atoms. Only minority atoms of very small radius exhibit markedly larger E than the
majority atoms.

1. Introduction

In a previous paper (part I, Brandt 1989) amorphous arrangements of atoms are inves-
tigated which were fully relaxed by simulated annealing. The system consists of
N, =< 1000 majority atoms and N < N, /5 minority atoms of radii 7, and r and masses
m 4 and my. We use periodic boundary conditions and isotropic pair interactions between
the atoms ¢ 4o (r), ¢ sg(7) and ¢pp(r), which we choose as simple parabolae defined by
equation (1) of part I. ¢4 and ¢ 4 exhibit a repulsive core and an attractive tail and
are characterised by the depths (aa 4, asp) and positions (das = 2rs, dag = ra + rg) of
their minima and by their ranges or cut-off radii (Rs4, Rap). The interaction between
the minority atoms ¢gg (with parameters agg, dgg, and Rgg) is chosen to be merely
repulsive to provide good separation between these atoms.

During the relaxation of the atomic positions the volume was kept constant or was
relaxed (pressure-free relaxation). Relaxation under pressure leads to very homo-
geneous amorphous systems when merely repulsive smooth potentials are used (Brandt
1984, 1985, Brandt and Kronmiiller 1987).

In the present paper (part II) the self-diffusion of the atoms in these amorphous
systems is investigated with the aim of getting some insight into possible diffusion
mechanisms as discussed, for example, by Kronmiiller and Frank (1989). We use the
same molecular-dynamics method as for the relaxation by annealing in part I but now
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the system runs freely, i.e. the temperature is not controlled. During the time evolution
of the system the potential energy U, and the kinetic energy Uy;, both fluctuate slightly.
The constancy of the total energy Uy, = U + Uy, serves as a test for the accuracy of
the time integration of Newton’s equation for each atom for which we use the velocity
form of the Verlet algorithm (Swope et al 1982). The temperature T is defined by the
time average (Uyy,) = § kTN (equipartition principle, N = N, + Ng).

The temperature-dependent diffusion coefficient is calculated in the following way.
Westart with the system far from static equilibrium corresponding to a high temperature.
Between subsequent runs the temperature is reduced by stopping the atoms (this roughly
reduces T to 7/2) or by reducing their velocity by a constant factor. After this slowing
down the atoms start to move again. After 50 to 100 time steps dynamic equilibrium is
reached again. Now we put ¢ = 0 and store the atomic positions as references. From then
on the mean-square atomic displacement at large ¢ increases as

8% =((Ar))*); = A + 6Dt + fluctuations. (1)

Here the constant term originates from oscillating atoms and the linear term from three-
dimensional diffusive motion. Equation (1) defines the diffusivity D. Partial diffusivities
D, and Dy are defined by averagingin (1) over the A-type or B-type atoms, respectively.
As energy unit we chose U,, as length unit d, , and asmass unit my. Uy = a4 is the
depth and d,, = 2r, the position of the minimum in the interaction of the majority
atoms of mass m,. From these units follow the units for time and diffusion coefficient:

t= ZrA(mA/UA)l/2
D= 2ra(Ua/ma)'2.

Dimensionless measures for the temperature are k7/U, or, preferably, the ratio T of
the average kinetic energy and the equilibrium potential energy U got = —NUg. Here
Uy is the binding energy per atom in our model system.

For atoms interacting only with their 12 nearest neighbours (e.g. in the Fcc lattice)
one has Uy = 6U, and for our amorphous systems Uy = 6U,. We may thus define a
reduced temperature

TEkT/4UA:<Ukin>/NUB' (3)

The paper proceeds as follows. After this introduction, atomic paths are presented
in § 2 in order to visualise the atomic motion at various temperatures. The diffusive type
of this motion is discussed in § 3. Arrhenius plots of the diffusivities are given in § 4.
Quantitative results for the temperature-dependent diffusivities are compiled in table 1
and discussed in § 5 for model systems with various composition and atomic interaction.
Finally, the results are summarised and discussed in § 6.

@)

2. Diffusion paths

A major problem in plotting the motion of atoms is to find an appropriate presentation.
While part I dealt with the visualisation of three-dimensional static arrangements of
atoms, now an additional variable, time, has to be presented. The following plots show
the paths of individual atoms but not their surroundings, which, of course, are also in
motion. This presentation is a first step towards a more instructive (but possibly confus-
ing) simultaneous presentation of the paths of several neighbouring atoms that move in
a correlated way.
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720.89 7=0.16

Figure 1. The atomic paths in an amorphous system at four reduced temperatures 7, equation
(3). The position of one atom at equidistant time intervals is marked by small octagons, the
diameter of which is a measure of the coordinate perpendicular to the plane of the figure.
The length scale is given in units of the closest-packed atomic distance, d. See text.

Each of the following figures shows the two longest atomic paths of a given computer
run. Most of the remaining atoms moved considerably less far. Every second time step
we store all atomic positions and at the end of this run pick out those atoms which have
moved farthest in the xy-plane. For better resolution each path {x(¢), y()} is then plotted
to full scale; the length scales of the paths are indicated at the right and left borders of
the plots (d = d4,). The third coordinate z(¢) is visualised by the size of the plotted
octagons.

Figure 1 shows atomic paths for the same amorphous system at various temperatures
T =0.89to T = 0.014. This system consists of N, = 200 atoms of one type (Ny = 0) with
interactionrange R, = 1.3. The individual diffusion paths of the small and large atoms
in alloys or in larger systems look similar to the paths depicted here and are thus not
shown in this paper. Roughly 12 time intervals (the distance of the octagons) of duration
2At¢ = 0.012 correspond to one oscillation period T = 12 X 2A¢ = 0.144 as can be seen
at T'= 0.014. Each path has a total duration of 261 X 2At = 3.1 = 227 (T > 0.014) or
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Figure 2. Atomic paths of two atoms in
an FCC lattice at very low temperature.
The paths in our amorphous models
look very similar. See text.

151 X 2At =1.8 =137 (T = 0.014). The total displacement (separation of the path ends)
ranges froms/d =7.3at T=0.89tos/d = 0.16 at T = 0.14.

At higher temperatures close to the melting point (7 = 0.89) the atomic paths are
much longer than the atomic spacing (=d) and look like random walks. When the
temperatureislowered (7 = 0.16) the atoms spend more time at energetically favourable
positions roughly one atomic spacing apart. Here they orbit and oscillate irregularly and
then move or jump with nearly constant speed to the next position. The number of
oscillations performed at these sites increases with decreasing temperature. Atstill lower
temperature (T = 0.014) the paths resemble rather irregular Lissajous figures with
eventual jumps by less than one atomic spacing.

Atverylowtemperatures the Lissajous figures become more regular and look similar
to those in crystalline systems. This is shown in figure 2 for an ideal Fcc lattice of 108
atoms at T = 0.0067 for Ry, = 1.3 (2At = 0.008, 202 plotted points, total time interval
202 x 2At = 1.62, amplitude of oscillations =0.04d and period 7 = 18 X 2A¢ = 0.144 as
in figure 1 at T = 0.144). At that low temperature atomic jumps occur, and diffusive
motion can be detected only after a prohibitively long simulation time or in extremely
large systems.

For the computation of diffusivities at low temperatures, therefore, direct molecular
dynamics cannot be used since it describes too small systems at too short physical time.
Small diffusivities may be calculated by less direct simulation methods based on some
model. For example, Langon et al (1985) describe self-diffusion as a random walk of
interstitial atoms through an amorphous structure, which they investigate by a Monte
Carlo technique.
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Figure 3. Mean-square displacements &,
and &g of the atoms in an alloy AgB,, with
the B-type atoms half as large as the A-
type atoms; see text. Also shown are the
ratios 6/\/&, which tend to the constant
values VD, and V Dy at large times. The
abscissa gives the number of time steps.
High reduced temperature 7 = 0.165.

Figured. As ﬁ_gure 3 but for lower reduced
temperature 7' = 0.069.

3. Diffusive motion

Figures 3 and 4 show the mean-square atomic displacements 6% and 83 of large (A-
type) and small (B-type) atoms as a function of time ¢ (N, = 800, Ny = 200, d 5 = 0.75,
Aap = 1, Rap = 1.25, Rap = 1.4, dgg = 1, agg = 0.5, Rgg = 1.4, mp = 0.25; cf. the runs
in figure 6(b) and D1 in table 1). The linear increase indicates the diffusive character of
the motion; cf. equation (1). Also shown are the ratios 8, /(6¢)"? and 85/(6¢)'/?, which
tend to the constant values V' D, and V/ Dy at larger times. In figure 3 the temperature
is high, 7= 0.165; 8% and 83 are almost proportional to ¢ since the contributions of
both the atomic oscillations and the statistical fluctuations are very small. At the end of
this run (after 800 time steps of length Ar = 0.004, ¢, = 3.84) the large (small) atoms
have moved an average distance of 5, = 1.82 (85 = 3.15) atomic spacings d.

In figure 4 the temperature is lower, 7 = 0.069, and 83 and 6% fluctuate randomly
about their ideal, slightly curved values. After 2000 time steps of length Az = 0.006
(tnax = 12) the atoms on average have moved only small distances 6, = 0.52 and 6y =
1.25 atomic spacings. The sums of the squared displacements, N,8% =216 and
Ngdé3 = 312, however, are still sufficiently large to yield significant diffusivities (stat-
istical error =10% in this case; cf. the data points with the lowest D value in figure 6(b)).
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Figure 5. The distribution p(s) of the
atomic displacements; see text. Curve A,
T=10.46, 8/d = 1.65; curve B, T = 0.20,
8/d =0.56. The broken curves (prac-
tically coincident with the full curves) are
Gaussians of the same width as p(s).

The diffusivities in ﬁgures 6,7 and 8 and in table 1 below are obtained by fitting straight
lines to 63 (¢) and 63 (¢) in the interval 0.4 < ¢/, < 1.

A further indication of the diffusive motion is the distribution p(s) of the atomic
displacements. We define p(s) as the probability that s,, s, or s, equals s or —s. This
choice reduces the statistical fluctuation of p(s) by a factor of \/6 as compared to the
probability to find, e.g., s = s,. Figure 5 shows two such distributions for a system of
N, = 1000atoms (N = 0, Ry4 = 1.3)attwo temperatures 7 = 0.46and T = 0.20. After
500 time steps of length dz = 0.006 the root-mean-square diffusion path along a given
directionis 8 = (s?)"/2 = 1.65dand 6 = 0.56d. The broken curves are Gaussians exp(—s*/
28?) of the same width as p(s). The depicted p(s) (smoothened by convolution with a
Gaussian of width <§) practically coincide with the Gaussians at both temperatures.
This is expected for diffusive motion.

4, Temperature dependence of diffusion coefficients

Arrhenius plots of the diffusivities of the A-type and B-type atoms are presented in
figures 6 to 8 for systems with N, = 800 and Ny = 200. The corresponding pre-exponen-
tial factors D% and DY and the activation energies E, and Ey of ideal Arrhenius
behaviour,

DA(T) =D} exp(—E5/kT) Dy(T) = Dy exp(=E/kT)  (4)

obtained by fitting straight lines to the data points in figures 6 to 8 and other such plots,
are presented in table 1. Figure 6 compiles the results of two separate runs (with different
starting configurations) each for six temperatures, and this for three systems. The
systems in figures 6(a) and (c) differ only by one parameter from that in figure 6(b) which
exhibits Ras = 1.4, dag = 0.75, Rag = 1.25, app =1, dgg = 1, Rgg = 1.4, agg = 0.5,
mp = 0.25, volume = constant (cf. run D1 in table 1). This system exhibits Dy = 2.7D
at all temperatures depicted here (E, = Ep).

In figure 6(a) the interaction ¢ g is stronger by a factor of 2 (azp = 2, cf. run D2 in
table 1). As expected, this decreases the diffusivity of the (now stronger bound) B-type
atoms, Dy = 1.4D, at all temperatures. In figure 6(c) the B-type atoms are four times
heavier (mg = 1, cf., run D4 in table 1). This again reduces Dy but now the reduction is
larger at higher temperatures (Eg < E,).
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Figure 6. Arrhenius plots of the self-diffusion coefficients for three amorphous model alloys
differing by only one parameter; see text. Note the shift of the origins of the abscissae and
the rather small scatter of data points resulting from two equivalent runs. Within this
statistical error the partial diffusivities D, and Dy fall on straight lines in the depicted
temperature interval. The unit D is defined in equation (2).

In the three systems shown in figure 6 the diffusivities obey almost ideal Arrhenius
laws over the depicted temperature range (1:7) and over almost three orders of mag-
nitude of D. Furthermore, we find nearly the same slope for both D, and Dg. Only very
small B-type atoms exhibit clearly smaller activation energy. This is shown in figure 7
for rg/r4 = 0.2 (run B3 in table 1). In this case one has Ez/E = 0.57; cf. the discussion
below of table 1. A case of large minority atoms is shown in figure 8 for rg/rs = 1.6 (run
E6 in table 1). As expected the larger atoms diffuse more slowly. The slopes of the
Arrhenius lines are nearly equal, Eg/E4 = 1.11. Figure 8 compiles the results of three
independent runs with different starting configurations.

In the case shown in figure 8 the simulation was extended to very high temperautres,
T =1.73, where we expect the system to be liquid. At such high temperatures, with
increasing 7T the diffusivities increase faster than expected from the extrapolation of the
Arrheniusline. Inparticular one may have D(T) > D,. The deviation from an Arrhenius
behaviour occurs when k7 becomes comparable to or larger than the activation energies
E,or Eg. It probably indicates a change in the diffusion mechanism. A similar deviation,
with D(T) ~ T? at larger T, was observed in liquid tin and liquid tin-indium alloys in
Spacelab experiments (Frohberg 1988, Frohberg et al 1987). There, the enhanced
diffusivity was explained by the presence of vortex-like modes of atomic motion excited
at high temperatures and contributing to the self-diffusion coefficient in the liquid metal.
Very large systems, are required to simulate this type of diffusion quantitatively on a
computer. For areview of self-diffusion in liquid metals and alloys, see Nachtrieb (1976).

We thus cannot at present give an explanation for the deviation from the Arrhenius
linein figure 8. Possibly this indicates the existence of a spectrum of (effective) activation
energies, with the large values determining the self-diffusion at large temperatures. Also
we cannot exclude the possibility that, if we could extend our simulation to lower
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Figure 7. Arrhenius plots of the self-diffusion Figure 8. Arrhenius plot for an amorphous alloy
coefficients in an amorphous alloy with very small with large minority atoms. Note the deviation
minority atoms. In the depicted temperature from the Arrhenius line at very high tempera-
interval both D, and Dy fall on straight lines but tures; see text.

now with clearly different slope.

temperatures, the Arrhenius plots would exhibit a curvature because the effective
activation energy differs at low temperatures. The computational effort required to
check this would be larger by at least two orders of magnitude than that of the present
paper. The present simulations show that for a wide variety of amorphous systems D(T')
exhibits Arrhenius behaviour with constant activation energy over at least three orders
of magnitude in D and a temperature range of 1:7, which probably begins above the
melting temperature. At present we do not know the melting temperature of our systems
butintend to get more information on this by measuring the viscosity in future computer
runs, e.g., by the method used by Chen et al (1988).

5. Quantitative results

Table 1 compiles the activation energies E, and Ej (in units U, ) and the pre-exponential
factors D and DY (in units D, equation (2)) of various amorphous systems. Each entry
is obtained by fitting an Arrhenius line to the diffusivities resulting from at least six
computer runs at various temperatures. The longest run (lowest temperature) typically
needed a CPU time of one hour on a BASF 778 computer. All presented results are
reproducible and independent of the (random) starting configuration of atoms.

All the systems in table 1 contain N = 1000 atoms. Case A contains only one type of
atom (Ng = 0); cases B, C and D contain Ny = 200 smaller atoms; and case E contains
Ng = 200 larger atoms. The table lists as input parameters the range Ry, width dag,
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Table 1.

Name

of

run Raa dag Aap agg my Volume E, Eg DY DY
Al 1.3 — — — — [d 328 — 12.18 —
A2 1.4 — — — —_ c 220 — 1.80 —
A3 1.4 — — — — r 2.61 — 7.62 —
B1 1.4 0.6 0.25 0.5 025 ¢ 1.82  0.58 2.23 3.53
B2 1.4 0.6 0.5 0.5 025 ¢ 2,00 0.74 2.83 3.13
B3 1.4 0.6 1 0.5 025 ¢ 2.00 1.14 2,36 4.06
B4 1.4 0.6 2 0.5 025 ¢ 2.24 1.92 2.89 3.90
B5 1.4 0.6 1 0.5 1 C 1.92 228 2.14 3.13
C1 1.3 0.75 1 0.5 0.25 ¢ 2.10 1.92 6.82 14.9
C2 1.3 0.75 2 0.5 025 ¢ 2.56 237 1.43 3.13
C3 1.3 0.75 2 0.5 025 r 346 3.00 547  5.49
C4 1.3 0.75 2 0.5 1 c 227  2.25 0.85 1.46
C5 1.3 0.75 1 0.5 025 r 3.00 2.46 570 9.39
C6 1.3 0.75 1 0.5 4 r 3.31 3.30 4.06 4.95
D1 1.4 0.75 1 0.5 0.25 ¢ 1.90 1.70 2.32 6.17
D2 1.4 0.75 2 0.5 0.25 ¢ 2.13 2.10 2.56 3.67
D3 1.4 075 2 0.5 025 r 2.45 232 223 3.13
D4 1.4 0.75 1 0.5 1 [¢ 1.92 1.47 2.23 3.19
E1 1.5 1.3 1 1 1 r 2.19 2.20 4.95 3.53
E2 1.5 1.3 2 1 1 T 336 3.86 6.30 4.22
E3 1.5 1.3 2 2 1 r 4,19 4.50 11.9 7.10
E4 1.5 1.3 1 0.5 1 r 1.70 1.72 2.66 2.01
ES 1.5 1.3 1 2 2 r 2.20 2.20 5.47 3.06
Eb6 1.5 1.3 1 2 1 r 1.84  2.05 3.19 223

and amplitudes a5 and agp of the interaction potentials (cf. equation (1) of part I) and
the mass my of the minority atoms. The remaining input parameters are da, = da, =
ma =1land,forRy, = 1.3(1.4,1.5): Ryp = 1.15(1.25,1.8),dgg = 1 (1,1.2) and Rgg =
1.3(1.4,1.8). The types of the potentials are (cf. equation (1) of partI) pas = ¢, Pap =
¢, (but g = ¢; when dag = 0.6), and ¢y = ¢,. The table also indicates whether the
volume was kept constant (c) or relaxed (r).

We discuss the results of table 1 by comparing pairs of runs which differ only in one
parameter. From the one-component systems A1/A2 one sees that the softer potential
(Raa = 1.4 in A2) yields smaller D, = DY but also smaller £ = E, than the harder
potential (Ros = 1.3 in Al). The Arrhenius lines thus cross at a (rather high) tem-
perature kT = 0.56U,. When the volume is allowed to relax (case A3) the activation
energy increases as compared to the cases with constant volume (kept at the closest-
packed value, case A2). This may be explained by the increase of the volume at higher
T, which reduces the atomic interaction and thus enhances D(T). Within the accuracy
of our simulation this expansion effect is fitted by an enhanced effective activation
energy.

The systems C1 to D4 contain small minority atoms with dsg = 0.75 (rg/ra = 0.5, cf.
figure 6) with harder (Ro4 = 1.3, Cl to. C6) and softer (Ro5 = 1.4, D1 to D4) inter-
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actions. As expected, the activation energy of the smaller minority atoms is always
smaller, Ex < E,. However, the difference is quite small although the minority atoms
are twice as small as the majority atoms. Since the prefactors are also almost equal,
Dy = D4, we have the interesting result that in the considered amorphous alloys of
composition AgyB,, the small minority atoms do not diffuse considerably faster than the
larger majority atoms. Only very small atoms diffuse markedly faster; this is shown in
the cases B1to BS for dsg = 0.6 (rg/ra = 0.2, cf. figure 7).

Finally, the systems E1 to E6 in table 1 contain /arge minority atoms with d g = 1.3
(rg/ra = 1.6, cf. figure 8). In this case one always finds Dg(T) < D,(T). Again, the
activation energies are almost equal, Eg = E,. As expected, Eg/E, increases when the
potentials ¢ 4p Or ¢pp are chosen stronger (asg > 1 or agg > 1, cases E2, E3 and E6).
When the mass mg is increased (cf. E5/E6) one gets again Ey = E , possibly since heavy
large minority atoms hinder the diffusion of the majority atoms.

In general we find that softer potentials (R, 5 = 1.4) yield smaller activation energies
E 4 and E than harder potentials (Ra = 1.3); cf. the pairs A1/A2, C1/D1, C2/D2 and
C3/D3. Ey is increased and D} decreased and thus Dy reduced at all temperatures,
when either the mass g or the interaction a g isincreased or when the volume is allowed
to relax.

6. Summary and discussion

In molecular-dynamics simulations of amorphous alloys at high temperatures the atoms
perform random walks with no clearly visible structure. At lower temperatures the
atoms oscillate and from time to time jump to new positions. At very low temperatures
they performirregular Lissajous figures and jumps cannot be observed within our limited
time of computation. The motion of atoms is diffusive if monitored over a sufficiently
large time: the path lengths have a Gaussian distribution, and the mean-square atomic
displacement increases linearly in time with the slope 6D defining the self-diffusivity D
of the atoms. The diffusivities obtained for various model alloys exhibit a temperature
dependence of the Arrhenius type with constant activation energies over three decades
of D.

The diffusion coefficients and activation energies obtained may be expressed in
physical units, e.g. by interpreting the A-type atoms as Fe atoms. This choice givesm, =
mp. =9.27 X 107 kgand das = 2r = dp, =2.47 X 107 m, the atomic distance in BcC
iron. The choice of the potential depth U, is more problematic. It is known that large
values result when the potential is fitted to measured binding energies, and smaller
values when the potential is constructed to reproduce the elastic constants of the metal.
The physical reason for this difference is that the full interaction of atoms in a metal is
notwelldescribed by asimple centralinteraction between mainly the nearest neighbours.
Inmetals a large contribution to the cohesive energy comes from the electron gas, which
may be accounted for approximately by fitting a density-dependent interaction potential
(Finnis and Sinclair 1984, Daw and Baskes 1983, 1984),

The situation here is similar to that in the flux-line lattice in type-1I superconductors.
If one assumes that a central interaction between pairs of flux lines yields both their
binding energy (obtainable from measured magnetisation curves) and the elastic con-
stants of the flux-line lattice (which play an essential role in flux-line pinning; Brandt
and Essmann 1987) one obtains the correct bulk modulus but a completely wrong
shear modulus, which increases monotonically with increasing applied magnetic field B
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(Labusch 1967). The correct shear modulus of the flux-line lattice, however, vanishes
as (B, — B)* when B approaches the upper critical field B, of the superconductor
(Labusch 1969, Brandt 1969, 1986). Both in atomic and flux-line lattices the interaction
istoagood approximation composed of a structure-dependent part and a part depending
only on the local density of atoms or flux lines.

If we take the potential constructed by Chang and Graham (1966) for BCC iron we
get Uy =0.19eV and da, = 2.684 X 107 m and for the reduced units, equation (2), ¢
=4.68 X 107" s and D = 1.54 x 1077 m?s™.. Similar values result from the potentials
of Johnson (1966) and of Seeger and Tichy (1989). A simulation of 2000 time steps
(figure 4) thus describes only about 1077 s real time of the system. The temperature scale
of figures 6 to 8 follows from U,/k = 2205 K; the explicit temperature interval in which
self-diffusion was simulated is 0.6 < U, /kT =< 4 corresponding to 550 K < T < 3600 K.
This means that at the highest temperature of the simulation our model system was
liquid and at the lowest temperature of =280 °C it was an amorphous solid below the
temperature range where annealing leads to crystallisation.

The main resulit of the present simulation is that, for all the amorphous systems we
have investigated, the pre-exponential factors and activation energies (table 1) of self-
diffusion are of the order of our reduced units, equation (2). In particular, the diffusivities
of small, large, light or heavy atoms in a given alloy are of the same order of magnitude,
with small differences as expected (light and small atoms diffuse faster). We typically
find (table 1) E, = Ep=2.5U,=0.5¢V (if Uy=0.2¢eV) and D% = D% =4D ~
6 x 107" m?s7 1.

These findings are in marked contrast to the experimental results of Horvath ez al
(1988) discussed by Kronmiller and Frank (1989). These radio-tracer experiments in
amorphous Fe-Zr alloys of various compositions yield diffusivities of the Fe and Zr
atoms which, for the same alloy and temperature, differ by several orders of magnitude,
and pre-exponential factors D, which scatter over 14 orders of magnitude. The reason
for this discrepancy between the experimental and the simulated diffusivities is not clear
tous at present. On the other hand, these radio-tracer experiments (with pre-annealing)
are excellent and reproducible. On the other hand, our molecular-dynamics simulations
are straightforward, a mere integration of the classical equations of motion of the atoms,
starting with random positions. Within this classical treatment the thermodynamics of
our (small) system follows from simple averages over time and over the atoms.
Additional restrictions, such as, for example, keeping the total kinetic energy (the
temperature) constant by continuously rescaling the velocities, or the introduction of
some local dissipation of energy would mean that we treat a specific model, which has
to be justified by physical arguments.

In the present molecular-dynamics simulations the only assumption that has a model
character is that of central potentials acting between pairs of atoms. It is conceivable
that at least part of the discrepancy is due to this simplification. Note that the improved
potentials by Finnis and Sinclair (1984) or Daw and Baskes (1983, 1984) are still central
pair potentials, which, however, depend on the local atomic density or on the con-
figuration of neighbouring atoms. In our simulations we tried various central potentials
and found that with simple two-body interaction the atoms diffuse ‘collectively’,i.e. that
both types of atoms rearrange simultaneously and, therefore, exhibit similar diffusion
coefficients.

In contrast, Horvath et a/ (1988) find a much larger diffusivity of the (slightly smaller)
Fe atomsin Fe~Zralloys. For example, in amorphous Feg Zrgat T = 600 K they measure
Dp.=1%x10""m?s ! and Dy, =1 X 1072 m?s~! = 1075 Dg,. This observation means
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that the Fe atoms diffuse through an essentially immobile arrangement of Zr atoms.
Since the radius of Zr atoms exceeds the radius of Fe atoms by only a few per cent, the
differing diffusivities indicate that the type of interaction between the Zr atoms may be
qualitatively different from that of the Fe atoms with Fe or Zr. The Zr atoms are possibly
bound together more rigidly by an anisotropic potential which favours a certain bond
angle or configuration number. Such a potential depends on the positions of at least
three atoms. Its numerical implication would thus increase the computational effort
considerably.
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