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bstract

A multilayer structure was simulated using spontaneous intermixing of Co and Al in epitaxial Co(1 1 2̄ 0)/CoAl/Co(1 1 2̄ 0) structures. When Al
toms with 0.1 eV energy were deposited on Co(1 1 2̄ 0), an Al(1 0 0) thin film was grown without any intermixing. Interestingly, during subsequent

eposition of Co atoms on the grown Al(1 0 0) thin film, an intermixed layer of ordered CoAl structure was spontaneously formed and a highly
riented Co(1 1 2̄ 0) crystalline phase was grown above the intermixed region. From the calculations of nearest neighbor distributions, various
ompositions of CoxAl1−x structures were observed in the mixed region.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nano-scale multilayers with various interesting structural
nd electro-magnetic properties have been employed in many
pplications. Specifically, magnetic devices consisting of mag-
etic and nonmagnetic alternating layers have generated a great
eal of interest because of their wide technological applicability
1–6]. In a magnetic device utilizing giant magneto-resistance
GMR) property, the performance is largely dependent on the
haracteristics of the interface region between thin film layers.
he structure is generally composed of two ferromagnetic layers
ith a nonmagnetic layer between them. The spin polarization

t the junction is critically affected by the crystal structure of
he thin films, and slight intermixing at the interfaces is gener-
lly known to result in enormous problems with the magnetic
roperties of the device [7].

Previously, we have investigated deposition behavior in the

o–Al system using molecular dynamics (MD) simulation.
pecifically, a surface alloy was reported to be formed for vari-
us Al surface orientations even when the incident energy of the
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o atom was only 0.1 eV, and an ordered B2 CoAl crystalline
tructure was formed spontaneously on the Al(1 0 0) surface [8].
owever, in the case of Al deposition on a Co substrate, no mix-

ng was observed at the interface [9]. The different growth behav-
ors could be explained in terms of the kinetic energy barrier for
ntermixing and the degree of local acceleration experienced by
he depositing atoms near the substrate surface [10,11].

As the scale goes down to an atomic level, the lattice mis-
atch and the stacking sequence at the interface become essen-

ial issues for various thin film growth processes [12]. In this
oint of view, the Co-based system is a very attractive one
ecause of the expression of magnetic properties with vari-
us combinations of feasible structures. It is worth mentioning
hat the epitaxial growth of Co(1 1 2̄ 0) films on Mo(1 0 0) or
r(1 0 0) has been reported, [13,14] and the correlation between

he hcp(1 1 2̄ 0) and cubic(1 0 0) orientation was successfully
xplained [15]. The intermetallic CoAl film was suggested as
nonmagnetic layer for electro-magnetic devices [16,17] uti-

izing the peculiar electro-magnetic property of the B2 CoAl
ntermetallic compound [18]. In connection with the Co–Al
ultilayer system, it is interesting to note that the previous exper-
mental results have focused on demonstrating the influence of
he deposition process on the structural and magnetic properties
19,20].

mailto:yongchae@hanyang.ac.kr
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Table 1
Properties of Al, B2 CoAl and Co predicted by EAM potentials employed in this study in comparison with experimental data from literatures

Property Co B2 CoAl Al

EAM [22] Expt.a EAM [24] Expt.b EAM [23] Expt.a

a0 (Å) 2.507 2.51 2.86 2.86 4.05 4.05
Ecoh (eV) 4.39 4.39 4.47 4.45 3.36 3.36
c11 (eV/Å3) 1.9944 1.912 1.41 1.68 1.07 1.14
c12 (eV/Å3) 1.0368 1.031 0.91 0.67 0.652 0.619
c13 (eV/Å3) 0.6373 0.638 – – – –
c33 (eV/Å3) 2.3321 2.231 – – – –
c ˚ 3 0.72
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a Experimental data from Ref. [25].
b Experimental data from Ref. [26].

In this study, a novel process for the fabrication of a
o/CoAl/Co trilayer using spontaneous intermixing between
o and Al is proposed. The deposition and mixing behav-

or was analyzed for the individual cases of Co/Al and Al/Co
ith crystallographic considerations at the interface. The molec-
lar dynamics simulation method was employed to obtain a
etailed picture of the thin film growth behavior. Quantitative
tructural analysis of each layer of the thin film structure was
erformed by the calculating the distribution of nearest neighbor
toms.

. Calculation procedures

The embedded-atom method (EAM) based on interatomic
otentials was utilized in this study [21]. Specifically, the poten-
ial developed by Pasianot and Savino for Co–Co [22], and the
oter and Chen potential for Al–Al were employed [23]. The
air potential of Co–Al was formulated by a linear combination
f the effective pair interactions [24]. Each of the adopted poten-
ials employed showed good agreement with the experimental
alues for pure elements as well as intermetallic compounds of
he constituent atoms as shown in Table 1.

The substrate was composed of 3840 Co atoms with the sur-
ace consisting of the (1 1 2̄ 0) plane containing 192 atoms. The
imensions of the substrate were 6.95 nm × 2.44 nm × 2.51 nm
hick in the z direction normal to the substrate. Periodic boundary
onditions were utilized in the x and y directions. The position of
he bottom-most 5 layers was fixed and the remaining 15 layers
f the substrate were kept at 300 K using the atom-velocity-
escaling method. The adatoms were randomly positioned in
he x–y plane at a distance sufficiently far from the substrate
urface to be considered as free atoms. The initial velocity of
ach incident atom can be calculated from the incident energy
y the following expression:

adatom =
√

2Ki

M
(1)

here Ki represents the incident kinetic energy and M is the

tomic mass. The MD time step was set to 1 femto-second (fs).
rom the calculations of single atom deposition, the moment
n adatom collides with the substrate, the energy of adatom
ound to be spreaded very quickly to neighboring atoms and

o
A
c
c

0.87 0.322 0.316

isappeared in less than 2 ps. Therefore, considering the safety
actor, the total evolution time for a single atom was set to 5 ps
deposition rate 1.306 × 10−1 nm/ns). This rate is within the
ange between 1.7 × 10−9 and 1.7 × 10−1 nm/ns, in which the
acancy concentration is reported to be almost independent
f deposition rate at 300 K [27]. The XMD 2.5.32 code was
mployed for the corresponding molecular dynamics simulation
28].

. Results and discussion

The deposition simulation performed for three monolayers
ML) of Al adatoms with the low incident energy of 0.1 eV on
Co(1 1 2̄ 0) substrate resulted in ordered fcc Al(1 0 0) films on

he Co(1 1 2̄ 0) substrate. The formation of well ordered fcc Al
lms on a Co(1 1 2̄ 0) surface could be reasonably explained on

he basis that the distance between the Co substrate atoms along
0 0 0 1] direction is 0.405 nm, which is almost identical to the
attice constant of fcc Al, 0.404 nm (Fig. 1).

Twenty ML of Co atoms were subsequently deposited with a
elatively high incident energy of 3.0 and 5.0 eV on the ordered
cc Al(1 0 0) layers. (Fig. 2). In both incident energy cases, the
ell ordered Al(1 0 0) films apparently disappeared and most
f Al atoms seemed to be mixed with deposited Co atoms. As
hown in Fig. 1, the interatomic distance of B2 CoAl structure
s 0.404 nm along the [0 1 1] direction, which is less than a 0.1%
attice mismatch with the lattice constant of fcc Al(1 0 0). In
ddition, the similar crystallographic symmetry and the strong
ffinity between Co and Al atoms would further enhance the
pitaxial formation of well-intermixed alloys on the Co(1 1 2̄ 0)
urface.

Above the intermixed region, the layers of Co with (1 1 2̄ 0)
urface orientation were found to be grown without any lattice
istortion. The perfect lattice match between Co(1 1 2̄ 0) and B2
oAl(1 0 0) can be clearly seen in Fig. 1. During the deposition
rocess, it is noteworthy that active intermixing only occurred
n the case of the Co deposition on the Al surface and not in the
ase of Al deposition on a Co surface in spite of a strong chem-
cal affinity between Co and Al. The difference in the behavior

f intermixing could be explained by the observation that in the
l/Co(1 0 0) case a much higher energy barrier must be over-

ome for the incorporation of adatoms into the Co substrate
ompared to the Co/Al(1 0 0) case [11].
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ig. 1. Schematic diagram showing the geometric relationships among hcp
o(1 1 2̄ 0), fcc Al(1 0 0), and B2 CoAl(1 0 0).

For quantitative analysis of the intermixed region, the layer
overage fraction of Co and Al atoms along the [1 1 2̄ 0] direction
as calculated and the results are shown in Fig. 3. The depo-

ition layer height was normalized to the initial surface of the
o(1 1 2̄ 0) substrate, and 100% layer coverage corresponds to

he occupancy of 192 atoms in each layer irrespective of the atom
ype. As can be seen in Fig. 3(a), the deposition of Co adatoms
ith 3.0 eV incident energy resulted in more pronounced alter-
ating mixed layers of Co and Al in terms of layer coverage
ompared to the case of 5.0 eV (Fig. 3(b)). The thickness of the
ntermixed region was calculated to be 0.88 and 0.75 nm for Ki
f 5.0 eV and Ki of 3.0 eV, respectively, and a sharp interface
etween the CoAl intermixed layer and the Co (1 1 2̄ 0) film
ould be defined for the 3.0 eV case. In the case of the 5.0 eV
eposition, the intermixed region consisted of three layers with
lternating high and low Al concentrations and four intermixed
ayers with 20 at.% Al resulting from the displacement of Al
toms from their original positions in the surface layers in the
ourse of deposition process.

To further investigate the structure of the intermixed region in

etail, the nearest neighbor distribution, which gives the infor-
ation of the exact local geometric structures at the mixed

egions, was calculated. This method can analyze the struc-
ure for not only selected region but also selected atoms. Since

t
w
a
b

ig. 2. Atomic configurations of Co(1 1 2̄ 0)/CoAl/Co(1 1 2̄ 0) multilayers fab-
icated with different incident energy Co adatoms: (a) 3.0 eV and (b) 5.0 eV.

agnetic properties of Co–Al alloy were found to be highly
ocalized to the neighboring atoms [29], nearest-neighbor anal-
sis adopted in this study is very suitable to investigate the local
eometric structures of each atom exactly. Only information for
he location of an atom was required to search for the neighboring
toms and to obtain the crystal structures. From the calculation, it
ould be found that the mixed regions were composed of signifi-
ant amounts of bcc atoms surrounded by eight nearest neighbor
toms. Specifically, when a Co (or Al) atom is surrounded by
ight Al (or Co) atoms, the bcc atom corresponds to a B2 atom.
n total 1486 atoms for the case of Ki 3.0 eV and 1640 atoms for
i 5.0 eV contributed to the mixing layer. Among them 59.5 and
0.1% of total atoms could be identified as bcc atoms for 3.0 and
.0 eV, respectively.

Fig. 4 shows the calculated results for the BCC fraction as
function atomic percent Co. It can be clearly seen that var-

ous compositions of CoxAl1−x structures were formed in the
ixed region according to the deposition conditions. In the case

f 3.0 eV incident energy, the Co adatoms penetrated and mixed
ess actively with the Al atoms compared to the 5.0 eV case.
herefore, instead of a perfect B2 CoAl structure, a bimodal dis-

ribution of CoxAl1−x structures with Co or Al rich compositions

as present. On the other hand, in the 5.0 eV case, a significant

mount of B2 CoAl and CoxAl1−x (x = 0.812) structures could
e seen in the mixed region. It can be reasonably inferred that
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Fig. 5. Structural configurations of Co(1 1 2̄ 0)/CoAl/Co(1 1 2̄ 0) multilayers
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ig. 3. Layer coverage fraction of Co(1 1 2̄ 0)/CoAl/Co(1 1 2̄ 0) multilayers fab-
icated with different incident energy Co adatoms: (a) 3.0 eV and (b) 5.0 eV.

o atoms with 5.0 eV Ki could penetrate deeper and mix more
eadily with Al atoms. Interestingly, the existence of a zone of
0 at.% Al in the intermixed region, confirmed in Fig. 3(b), is
onsistent with the presence of a CoxAl1−x (x = 0.812) structure.

The structural configurations are illustrated graphically in
ig. 5 after a filtering process in which each atomic struc-

ure was distinctively represented by shades of gray. It can

e seen that a mixed region composed of bcc atoms could be
learly observed for both deposition conditions, 3.0 and 5.0 eV.
onsequently, sharp interfaces of Co(1 1 2̄ 0)/CoxAl1−x, and
oxAl1−x/Co(1 1 2̄ 0) can be seen in Fig. 5.

Fig. 4. Distributions of CoxAl1−x compositions in the intermixed region.
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abricated with incident energies of: (a) 3.0 eV and (b) 5.0 eV. (Black atoms
epresent defective atoms not belonging to bcc or hcp.)

. Conclusions

Based on the molecular dynamics simulation, the multilayer
ystem of Co(1 1 2̄ 0)/CoxAl1−x/Co(1 1 2̄ 0) was simulated and
he corresponding quantitative atomic and structural analyses
ere performed. Due to the large difference in the activation

nergy barrier for the incorporation of adatoms in the Co/Al and
l/Co cases, a sharp interface could be obtained for the case of Al

toms deposited on a Co(1 1 2̄ 0) substrate and a well ordered fcc
l(1 0 0) films grew on Co(1 1 2̄ 0). On subsequent deposition
f Co atoms with 3.0 and 5.0 eV incident energy on the grown
l(1 0 0) thin films, the Al film apparently disappeared and was

eplaced by alternating mixed layers of Co and Al. From the
tructural analysis, CoxAl1−x structures of various compositions
ere found to be formed in the mixed region and sharp inter-

aces were distinctly observed for the Co(1 1 2̄ 0)/CoxAl1−x, and
oxAl1−x/Co(1 1 2̄ 0) systems.
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