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Atomic Mixing Behavior of Co/Al(001) vs. Al/fcc-Co(001): Molecular
Dynamics Simulation
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Abstract. Using molecular dynamics simulations, we investigated the interface structures and the growth behaviors
of nano-scale Al/Co/Al multilayers. For Co on Al(001), interface mixing occurred irrespective of the incident energy
(Ki ). Interestingly, increasing the incident energy increased the thickness of the mixing layers and decreased the
roughness of the Co surface. In the case of Al on Co(001), in contrast to the case of Co/Al, interface mixing could
not be found, especially for low incident energy. From these investigations, an optimized deposition technique is
proposed that improves the quality of the interface/surface of the deposited thin film by controlling the incident
adatom energies.
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1. Introduction

Nano-scale multilayers have various interesting struc-
tural and electro-magnetic properties and have been
employed in many applications. For example, most
of the magnetic devices have a sandwich structure
that is composed of magnetic/nonmagnetic thin films
such as Co/Si/Co, Fe/SiFe/Fe, Au/Co/Au, Cu/Fe/Cu,
Rh/Co/Rh, or Ta/Co/Ta [1–6]. For MRAM appli-
cations, ordered and uniform thin films less than
1–2 nm thick are especially required for the coherency
of the device [7]. Because most multilayer interfaces
are made with hetero-junctions, detailed understand-
ing of the various phenomena at the interface is crucial
to improve the device performance [8]. For these rea-
sons, many researchers have made efforts to control and
understand these phenomena by theoretical and exper-
imental approaches. As the scale goes down to atomic
level, even the influence of the lattice mismatch and the
stacking sequence at the interfaces were considered for
the case of Fe and Al [9]. And using molecular dynam-
ics simulation, Weng et al. investigated the influence of
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incident energy on the deposited film surface property
for both vertical and oblique deposition and found the
incident energy for optimal film morphology for the
case of Co on Cu substrate [10].

Previously we have investigated deposition behavior
in the Co/Al system using molecular dynamics simu-
lation. In the course of the investigation, although the
incident energy of a Co atom was only 0.1 eV, we could
observe surface alloying at the interface for various
Al surface orientations [11]. It was reported that the
formation of interface mixing could be successfully
explained by the high value of the local acceleration
due to the strong affinity between Co and Al and by
the low activation barrier [12]. Consistent with this re-
sult, Mitsuzuka et al. reported that a nonmagnetic CoAl
compound was formed at each interface of the Co/Al
multilayer [13].

However, A/B/A structured multilayers have not
been substantially investigated for the separate cases
of A on B (A/B) and B on A (B/A). The results of
Haftel et al. support this point of view and emphasize
the necessity of investigations on different deposition
cases in comparing Pt on Au(100) with Au on Pt(100)
[14]. In general, growth mechanisms have been pre-
dicted by differences in surface free energy between
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deposited and substrate materials. The surface free en-
ergies of Pt and Au are 2.691 and 1.626 J/m2 respec-
tively [15]. Therefore, the difference of surface free
energy in the case of A/B and B/A could explain the
contrasting growth behavior. In the case of Co-Al es-
pecially, the surface free energy of Co is about three
times higher than that of Al (γCo = 2.709 J/m2, γAl =
1.085 J/m2) [15], and it is generally known that the
Co-Al system forms a stable intermetallic compound
of B2 (CsCl) structure in the bulk phase. Moreover, the
electro-magnetic properties of the CoAl compound are
very peculiar compared with pure Co and Al [16]. In
the present work we used molecular dynamics simula-
tions to investigate the deposition and thin film growth
behavior for both the Co/Al and Al/Co cases. Finally,
guidelines to produce optimized interface structures of
Al/Co/Al multilayer have been proposed.

2. Calculation Procedure

The embedded-atom method (EAM) based on inter-
atomic potentials was utilized [17]. In the present work,
we employed the potential developed by Pasianot and
Savino for Co Co [18], and Voter and Chen poten-
tial for Al Al [19]. The pair potential of Co Al was
obtained by a linear combination of the effective pair
interactions given by the following formula [20]:

V eff
CoAl(a + bx) = A

[
xV eff

Al (c + dx)

+ (1 − x)V eff
Co (e + f x)

]
(1)

where x takes values from zero to unity and the
corresponding parameters are listed in Table 1. The
Co Co, Al Al, Co Al potentials employed showed
good agreement with the experimental values of pure
elements as well as those for intermetallic properties
between atoms.

The substrate contained 1440 atoms with the planes
normal to the surface forming ten layers of (001) planes
containing 144 atoms each. The substrate dimensions
were 12a0 × 6a0 × 5a0, where a0 was the bulk lat-
tice constant for the surface normal to the z direction.

Table 1. Parameters for Co Al interatomic pair potential. Energies
are in eV, distances in Å.

a b c d e f A

1.690 4.0 1.910996 3.643984 1.75373 3.509799 1.0909091

Periodic boundary conditions were utilized in the x
and y directions. To mimic a surface, the position of
the bottom-most two layers was fixed and the substrate
was kept at 300 K using the atom-velocity-rescaling
method. The adatoms were randomly positioned in the
xy plane at a distance of 30 Å from the substrate sur-
face. The initial velocity of each incident atom can be
calculated from the incident energy by the following
expression:

Vadatom =
√

2Ki

M
(2)

where Ki represents the incident kinetic energy and
M is the atomic mass. The MD time step was set to
1 femto-second (fs), and the system was fully relaxed
for each additional adatom in the limit of 5 pico-second
(ps). The XMD 2.5.32 code of Rifkin et al. was utilized
for the MD simulation [21].

3. Results and Discussion

Figure 1 is the atomic configurations after Co atoms
were deposited on Al(001) up to 10 mono layers (ML)
with 0.1, 1.0, 3.0, and 5.0 eV of incident energy (Ki ),
respectively. In the case of 0.1 eV, well-ordered mixing
layers were formed at the Co/Al interface. This behav-
ior is very similar to “bilayer growth” or “intermixed
Stranski-Krastanov growth” reported by Fenter et al.
[22] and Rousset et al. [23] in which gold atoms are
intermixed with the silver atoms in the top two layers.
Moreover, in our study a crystalline CoAl compound
with the B2 (CsCl) structure seemed to be formed at the
Co on Al(001) interface. This was probably due to the
less than 0.1% lattice mismatch between the Al(001)
surface and the CoAl (001) [11]. On increasing the
Ki , however, well ordered structures gradually disap-
peared and the range of the amorphous mixing regions
was extended.

Such a tendency could be clearly seen from the layer
coverage of the Co/Al system shown in Fig. 2. Based
on the results of Fig. 1. Figure 2 shows a comparison
of layer coverage fraction of Co and Al atoms with
distance along the [001] direction. The height was nor-
malized to the initial surface of the Al(001) substrate,
and 100% layer coverage corresponds to the 144 atoms
occupying that layer irrespective of the atom types. As
can be shown in Fig. 2(a), the incident Co atoms with
0.1 eV of incident energy resulted in alternating mixing
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Fig. 1. The atomic configurations after deposition of Co on Al(001) up to 10 mono layers (ML) with respect to the incident energy; (a) 0.1 eV,
(b) 1.0 eV, (c) 3.0 eV, and (d) 5.0 eV.

Fig. 2. Layer coverage fraction of Co on Al(001) surface along the [001] direction, 10 ML of Co atoms were deposited on Al surface with
respect to the incident energy; (a) 0.1 eV, (b) 1.0 eV, (c) 3.0 eV, and (d) 5.0 eV.
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Fig. 3. Degree of mixing ratio of Al on Co(001) with respect to various incident energies (Ki ) after deposition of 1 ML of Al (corresponding to
144 atoms).

layers of Co and Al on Al surface, and this mixing
layer was turned out to be a B2 structure. As the Ki

increased, the alternation of layer coverage of Co and
Al atoms was decreased, and the thickness of mixing
regions was simultaneously extended. In the case of
5.0 eV [Fig. 2(d)], the mixing layers reached to 2 nm
at the Co/Al interface. Interestingly, the roughness of
the deposited Co thin film was decreased with respect
to the increasing Ki .

Figure 3 shows the mixing ratio for the case of Al
on Co(001) as the Ki increments from 0.1 to 10.0 eV.
As indicated elsewhere, for Co on Al(001), 90% of the
Co atoms were found to be mixed with the Al(001)
substrate even when the lowest incident energy of
0.1 eV [11]. In the case of Al on Co(001), however,
no mixing layers were formed at the interface, and a
sharp interface could be seen instead at 0.1 eV of in-
cident energy. Although the region with 50% mixing
ratio was observed for 5.0 eV Al atoms, the structure
of the mixing layers was entirely different from the
former case of Co/Al(001). A Ki of at least 7.0 eV
was found to be necessary to form the layer of 90%
mixing ratio. In the case of 10.0 eV, almost all the Al
atoms were mixed with the Co(001) substrate, and they
were located at the substitutional site of the Co(001).
These results are in sharp contrast to the results of Co
on Al(001). Although the CoAl is a stable phase, no
CoAl compound layers were formed at the interface.

This different behavior could be explained by the much
higher activation energy barrier for the incorporation of
adatoms into the substrate in the Al/Co(001) case than
that for the Co/Al(001) case .

Table 2 shows the interfacial roughness (R) for
Co/Al(001) and Al/Co(001) with different incident en-
ergies. The interfacial roughness can be used to quan-
tify the degree of interface roughness, and is calculated
as follows [24]:

R =
√√√√ n∑

j=0

(Z j − Z̄ )2

n
(3)

where n is the total number of atoms which lie in the
interfacial positions, j = 0 corresponds to the interfa-
cial layer, Z̄ represents the mean height of the film
surface, and Z j represents the height of the mixed
atoms. Perfectly separated interface corresponds to ‘0’
and the degree of the roughened or mixed interface

Table 2. Estimated interfacial roughness for Co/Al(001) and
Al/Co(001) with different incident energies.

Ki 0.1 eV 1.0 eV 3.0 eV 5.0 eV

Co/Al 2.002 2.164 2.898 4.023
Al/Co 0.094 0.091 1.303 1.886



Atomic Mixing Behavior of Co/Al(001) vs. Al/fcc-Co(001) 319

Fig. 4. Al(10 ML)/Co(10 ML)/Al(001) multilayers fabricated by various procedures; (a) Incident energy at 0.1 eV throughout the deposition,
(b) Incident energy at 3.0 eV throughout the deposition, and (c) First 5 ML of Co with 0.1 eV and additional 5 ML with 3.0 eV.

is in proportion to this value. The interfacial rough-
ness values, listed in Table 2, represent the different
behavior for Co/Al(001) and Al/Co(001). In the case
of Co/Al(001), the value was nearly 2.00 at 0.1 eV inci-
dent kinetic energy, which indicates mixed but highly
ordered structure, B2 structure. As the Ki increased,
these values increased continuously and interface struc-
ture became more roughened as shown in Fig. 1. In the
case of Al/Co(001), however, the values were nearly
0.00 up to 1.0 eV incident kinetic energy, which means
that interfacial mixing was hardly occurred as shown
in Fig. 3.

Based on the above observations, atomic config-
urations for Al(10ML)/Co(10ML)/Al(001) sandwich
structures for various Ki values were tested (Fig. 4).
These are very similar to the proposals of Zhou et al.
[25]. Figure 4(a) is the case that the Ki was fixed at
0.1 eV over the entire deposition process, and Fig. 4(b)
is the case for 3.0 eV. In the case of 0.1 eV, well-ordered
B2 structures were formed at the Co/Al(001) interface,
but the Al/Co(001) interfaces that formed were highly
roughened. Nevertheless, mixing layers were hardly
formed at the Al/Co interface, and Al adatoms were
grown epitaxially on the roughened Co surface. In the
case of 3.0 eV, however, more disordered mixed layers,
not highly ordered B2 structure, were formed at the
Co/Al(001) interface. However, due to the relatively
high Ki , the surface of the Co thin film seemed to be
flattened, and a highly straight Al/Co interface could be
obtained. Figure 4(c) is the configuration in which the
weak points of former two cases have been addressed.
At first, 5 ML of Co were formed with a low Ki of
0.1 eV to avoid the disordered structures at the inter-

face and an additional 5 ML were then deposited with
a relatively high Ki of 3.0 eV to avoid roughening of
the surface.

4. Conclusions

Using molecular dynamics simulations, we undertook
a systematic investigation of the thin film growth be-
havior for Co/Al(001) and Al/Co(001). In the case of
Co on Al(001), CoAl (B2 structure) intermixed layers
were formed for a low incident energy of 0.1 eV. In-
creasing the incident energy produced more disordered
and thicker mixing layers. In the case of Al on Co(001),
however, no intermixed layers were formed until
1.0 eV, and, at Ki over 5.0 eV, intermixed layers of 50%
mixing ratio could be found. Consequently, procedures
for optimized multilayer structures of Al/Co/Al by con-
trolling the incident energy of adatoms were proposed.
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