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Growth of metallic superlattices by sequential deposition of atoms
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In an effort to better understand the formation, epitaxy, and interfacial properties of metallic
superlattices, we have performed an exploratory molecular-dynamics (MD) study of the growth of
a simple Lennard-Jones multilayer system. We And indeed that "large" heterostructures can be
epitaxially grown using the technique of MD, a steady-state growth regime being rapidly attained.
In the present model, we observe that growth is Volmer-Weber with, at any instant, three or four
layers in formation. The interfaces, as a result, are not sharp and extend in all cases over two
monolayers. Several possible improvements to the model will be discussed.

There is a great deal of interest in metallic superlattices
since it is now possible —by judicious choice of compo-
nents combined with appropriate fabrication methods-
to tailor their properties for specific applications exploit-
ing their electronic, mechanical, or magnetic properties.
Progress in the development of new technology, however,
is hampered by the lack of understanding of their prop-
erties at the fundamental level, in particular structure
and growth. The most eloquent example of this state
of afFairs is, perhaps, the "supermodulus efFect." Ev-
idence has been reported that some metallic superlat-
tices see their biaxial moduli, depending on modulation
wavelength, sufFer extraordinary increases. Though it
appears that the observation of such dramatic enhance-
ment of elastic constants is simply erroneous (being due
to deficient experimental conditions), it also appears that
"anomalies, " of the order of 10—15%, may exist, s 4 but
this is still controversial. 5 Other problems with super-
lattices include the nature of defects (such as voids and
grain boundaries), the effect of strain on their struc-
ture, and the structure of interfaces, including difFusion
processes.

For most applications, it is necessary that the interface
between layers of different species be as sharp as possible,
and therefore it is essential to understand formation and
growth in order to optimize fabrication. In particular,
it is important to gain a detailed understanding of the
dynamic structure of the interfaces, which may be altered
during growth. In some cases, such as NiZr and CoZr,
the energy transferred from the incoming particle beam
to the growing sample may in fact be enough to cause
partial, or even complete, amorphization by solid-state
reaction. 7

In an efFort to better understand the formation, epi-
taxy, and interfacial properties of metallic superlattices,
we have performed, and report on, a molecular-dynamics
(MD) simulation of the growth of a simple Lennard-Jones
superlattice. The usefulness of computer-simulation
methods, and in particular MD, in understanding ma-
terials fundamentals and optimizing materials design, as
well as predicting new properties, is no longer to be
demonstrated. MD has been used quite extensively to
investigate semiconductor layer growth, being concerned

almost exclusively with homoepitazy [e.g. , Si on Si(100)];
very rarely has heteroepitaxy [e.g. , Ge on Si(100)] been
studied. In the case of metallic systems, a relatively
larger proportion of published studies addresses the prob-
lem of heteroepitaxial growth. This, to a large ex-
tent, can be attributed to the fact that simple models
such as Lennard-Jones give adequate results, while in the
case of covalent semiconductors, the use of more complex
(but poorly known) "three-body" potentials, such as that
proposed by Stillinger and Weber for Si, is essential to
a proper description of bonding. For metals, however,
more realistic than Lennard-Jones, the recently devel-
oped embedded-atom-method (EAM) potentialszo have
been employed successfully to model the bilayer growth
of Au on Ni(100) and Ni on Au(100), and of Ag on
Ag(111).i7 To our knowledge, however, there has been
no published account of the simulation of the growth of
metallic superlattices.

Here we do so using the technique of sequential depo-
sition of energetic atoms. The primary purpose of this
exploratory study (our model, described below, is cer-
tainly not optimal) is to assess the feasability of such an
enterprise, i.e. , to verify whether or not "large" metallic
heterostructures can be epitaxially grown using MD. We
find that it is indeed the case, a "steady-state" growth
regime being rapidly attained: though such conclusions
could to some extent be anticipated from the study of
bilayer systems, it is important to verify that accu-
mulation of strain and defects does not result in poor-
quality growth on the multilayer scale. In the Lennard-
Jones model used here, we find that growth is Volmer-
Weber (i.e. , nucleation and growth of three-dimensional
clusters)zi with, at any instant, three or four layers in
formation. The interfaces, as a result, are not sharp and
extend, in all cases, over two monolayers. We find no
interfacial difFusion, but the model is not appropriate
for the study of such processes: As mentioned earlier,
the model used here was designed to assess the main
features of superlattice growth, rather than the detailed
processes that take place during deposition. Several con-
ceivable improvements to the model will nevertheless be
discussed.

The procedure we use for simulating the superlattice
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growth process resembles closely that used to investigate
the growth of Sii ~Ge~ on Si(100)2x1 presented in Ref.
11, where additional details can be found. In essence,
high-energy atoms of the proper type are projected se-
quentially onto the surface of a substrate, and allowed
to interact dynamically with it until the system relaxes
completely. Starting with a substrate which consists of
four 50-atom layers of A-type material arranged in a fcc
pattern along the (001) direction, growth proceeds by
the deposition of alternate layers of B-type and A-type
atoms, each also equivalent to four complete monolayers
(200 atoms). The final structure, therefore, contains 1000
atoms (20 monolayers) in the sequence A/B/A/B/A. In-
teractions between atoms are taken to be of the Lennard-
Jones form, viz. , VjJ(r) = 4erg[(ore/T) '—(O'Ig/T) j,
with IJ = AA, AB, and BB. The energy parameter
t lg is taken to be the same for all three types of in-
teraction, namely e = 0.0106 eV (appropriate to Ar),
while the length scales are chosen as determined in ear-
lier studies of single-layer growth, namely o.~~ = 3.446
A. (also corresponding to Ar), o~~/o~~ = 0.95, and
o~~/o~~ = 0.9. In all cases, the potential is truncated
at a distance r, IJ = 2.5ol J. The substrate is held at an
essentially constant temperature of 25 K, using a proce-
dure similar to that described in Ref. 11, which consists
in continuously renormalizing the velocities of the atoms
in a number of cooling layers to the desired tempera-
ture. The substrate temperature here corresponds to a
fraction of 0.30 of the melting point of Ar, T~, a value
which appears to be optimal for metallic growth. The
bottom layer is held fixed (i.e. , at zero temperature) in
order to mimic the effect of the bulk; the lattice param-
eter for the xy plane (note that the surface is free), a =
5.402 A. , was determined from an independent constant-
pressure run of a bulk system at the temperature of the
substrate. The "beam temperature, " Tg, was taken to
be 110 K (= 1.29T ). Thus, particles were created at
random 2:y positions on a plane at a distance 2r, ,~~
above the surface (defined, at any instant, as the top-
most layer), with velocity pointing towards the substrate
given by me&/2 = kTd, , where k is Boltzmann's constant.
Atoms were deposited at a rate of one every 7 = 100
time steps At, where At = 5.0 fs. We have verified that,
under these conditions, the substrate does not suffer ex-
cessive heating. Note that even though atoms are created
far from the surface (which raises with time), they can
(and do, as we will see shortly) interact with one another.
As a final point, we have found it convenient to define
an atom as belonging to the substrate when its velocity
(originally pointing towards the surface) changes sign for
the first time.

We plot in Fig. 1 the trajectories —projected onto
(a) the xy plane and (b) the yz plane —for the last
50 B-type atoms of the final stage of deposition. Though
such plots carry limited information (an animation of the
growth process is much more instructive), they are nev-
ertheless useful in providing qualitative understanding of
the problem. Indeed, it is already clear from this figure
that growth is three dimensional (Volmer-Weber), i.e. , it
does not proceed layer by layer; quantitative information
will be presented later. Thus, a layer starts forming be-
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fore the previous one is complete. Such results, of course,
may depend on details of the model, and in particular the
potential. For instance, pseudomorphic Volmer-Weber
growth has been observed in the case of Ni on Au(100),
while interestingly, Au on Ni(100) proceeds in the mode
of Stranski-Krastanov (i.e. , three-dimensional growth fol-
lowing an initial two-dimensional growth), in the (111)
direction. i2 It can be further remarked, from Fig. 1(a),
that atoms undergo substantial surface diffusion before
settling down. Note finally that atoms interact with one
another already well above the surface, owing to the rela-
tively large deposition rate; this, however, has little efFect
on their actual trajectories, dominated by a large down-
wards velocity —cf. Fig. 1(b).

The details of the growth of a single layer on the sub-
strate is not our main concern, and we proceed, rather,
with the growth of the superlattice as a whole, as de-
scribed earlier. The final structure, consisting of five lay-
ers (with each four monolayers), i.e. , two-and-a-half pe-
riods, we find, is perfectly crystalline. This is evidenced
in Fig. 2, where we plot the density function along the z
axis, calculated during a 50-ps period of relaxation fol-
lowing the final stage of deposition; the contributions of
the two species are indicated by a full line and a dashed
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FIG. 1. Trajectories of the last 50 atoms during the final
(A-type) stage of deposition, projected onto (a) the zy plane
and (b) the yz plane.
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line, respectively. This function, p(z), counts the average
(over time) number of atoms in a sheet of width Az at
z. Thus, a peak in p(z) corresponds to the presence of a
plane of atoms, i.e. , a monolayer; the integral of a peak
measures the number of atoms in the monolayer. Peaks
are well defined and unambiguously separated here, and
the system is therefore perfectly crystalline; visual in-
spection of "slices" through the system confirms this,
and also establishes that the packing arrangement of the
monolayers is free of defects. The integral of each peak,
irrespective of the atomic type, is exactly equal to 50
(except for the last two, because of the presence of the
surface), the maximum number of atoms that a perfect
fcc(100) layer can accommodate in the present case. (The
increase in intensity at small z is an artifact of the pres-
ence of the fixed layer, located at z = 0; at large z, on the
other hand, i.e. , close to the surface, the loss of symme-
try causes the intensity to decrease and the vibrational
amplitudes —measured by the width of the peaks —to
increase.

The system is small here, but it is nevertheless possi-
ble to observe interfacial mixing. This can be seen di-
rectly in Fig. 2. Interfaces, in all cases, extend over two
monolayers (except for the first one at z 0.95, since
we start with a perfect substrate). Note that, because
of constraints in the number of atoms, it is not possible
to have an interface "extending" over a single monolayer.
The existence of a rough interface can be a consequence
of nonuniform growth, or signal the presence of difFusion
processes. The intimate nature of the interface depends
strongly on the details of the potential. We have seen
earlier that growth was three dimensional; we have not,
however, observed difFusion to take place, most likely be-
cause the interaction model is not adequate, but also be-
cause our runs are relatively short. We note, however,
that the first interface has "suffered" relaxation for the
full duration of the simulation, a respectable 0.5 ns (10
steps); this suggests that the diffusion constant through
the interface, at this temperature, is less than 10 cm /s,
consistent with Ref. 22, and will therefore be very difficult
to observe by MD simulation. The interfacial diffusion
problem, not a serious concern here, is being investigated
in the case of NiZr using a more realistic semiempirical
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The density function p(z), presented in Fig. 2, pro-

vides a precise definition of each monolayer in the sys-
tem. Armed with this information, we can reanalyze the
evolution in phase space of our system, and determine
the occupancy, as a function of time, of each monolayer.
This quantity ng(t) is displayed in Fig. 3(a) for all mono-
layers constituting the final structure. Note that, corre-
sponding to the plateaus at intermediate occupancy in
Fig. 3(a), deposition was interrupted and the system re-
laxed for a period of 10 time steps (=50 ps) after each
stage of deposition, during which it remained virtually
unchanged. The saturation of each monolayer at perfect
crystalline occupancy —50 atoms in the present case-
is clearly evident. Most interesting, however, is the fact,
noted earlier, that growth is not uniform but, rather, pro-
ceeds three dimensionally. This is seen more clearly in
Fig. 3(b), which shows in detail the final stage of growth.
At any given instant in time, there is always more than
one monolayer in formation: a layer can start growing
before the previous one is complete. This is easily seen
in Fig. 3(b) by drawing a vertical line at a given time,
and counting the number of growing layers it "crosses."

Following Paik and Das Sarma, we have tried fitting
our data for the occupancy of the first monolayer to an
expression of the form ni(t) = ni(oo)(l —exp( —[(t-
t0)/r] )), where t0 marks the onset of the growth, r is a
characteristic time (which of course depends on deposi-
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FIG. 2. Atomic density along the z axis, i.e. , perpendicu-
lar to the direction of growth, for the final superlattice struc-
ture. The full and dashed lines correspond to A-type and
B-type atoms, respectively. The first monolayer, which is
fixed, is located at z = 0 but is not indicated on this graph.

FIG. 3. Monolayer occupancy as a function of time for (a)
the whole growth process and (b) the last stage of deposition.
A full monolayer can accommodate 50 atoms. Plateaus at
intermediate occupancies correspond to interruptions in the
deposition process. The dashed vertical line in (b) indicates
that, at the instant chosen as an example, three layers are
simultaneously in formation.



BRIEF REPORTS 6783

50

40

~ 30

20

10

l0
15 20

t (10' steps)
25

FIG. 4. Occupancy versus time for the first monolayer

(open circles), fitted to a stretched exponential, ni(oo)(1—
exp{—[(t —to)/rj )) (full line).

tion rate), and m is an exponent determined by the mode
of growth —m = 1 for continuous growth, and m = 3
for nucleation and growth. It should be noted that this
expression, which neglects such eKects as surface diKu-
sion, applies only to growth on a Bat surface, i.e. , in the
present case, to the first monolayer. The result of our
least-squares fit is shown in Fig. 4; we obtain, for the
growth-mode exponent, m = 1.64 6 0.04. Thus, as was
also found by Paik and Das Sarma, the growth is inter-
mediate between continuous and nucleation, which is not
surprising in view of the high mobility of the deposited
atoms that we have observed in Fig. 1. Such an analysis
cannot be reliably performed in the case of subsequent
monolayers, since the substrate on which they grow is
no longer Hat. Nevertheless, we find that a reasonable

fit to our nt data can be obtained using the above ex-
pression and values of rn near 3, confirming indeed that
growth crosses over to fully three dimensional after a few
monolayers.

We have demonstrated that molecular dynamics can be
successfully employed to simulate the growth of metal-
lic superlattices. We have done so here using a simple
Lennard-Jones interaction model, and find that perfectly
crystalline layers will easily grow to "large" thicknesses.
We find, in the present case, that growth crosses over
from almost continuous to essentially three dimensional
and, as a result, the interfaces are not Hat. Such details of
the growth process, however, may depend somewhat on
the precise model used. It is clear, in particular, that the
surface mobility —which depends in a delicate manner
on substrate and beam temperatures, as well as on the
energetics of the interactions (e.g. , the energy of mixing)—is the key ingredient in determining the structure and
quality of the interfaces. As a next step, it will be of in-
terest to examine the corresponding problem using more
realistic potentials, such as, perhaps, the embedded-atom
model. 2o This, in addition to a detailed understanding of
the growth process, could provide insights into problems
such as interfacial roughening and diKusion.
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