
Kinetic-anisotropy-induced ordering-orientation transitions calculated in CoPt alloys under
various epitaxial growth conditions

Lin Shi and Jun Ni
Department of Physics and Key Laboratory of Atomic and Molecular Nanoscience (Ministry of Education), Tsinghua University, Beijing

100084, People’s Republic of China
�Received 25 March 2007; published 8 January 2008�

We have investigated the epitaxial growth of CoPt alloy under various growth conditions. We find the
equilibrium phase changes from the L10 �100� ordered structure to the L10 �001� ordered structure with the
increase of the underlayer lattice constant parallel to the substrate plane. We show that there are two types of
ordering-orientation transitions induced by kinetic anisotropy. When the lattice constant of underlayer is large,
the ordered structure of CoPt films changes from the L10 �001� variant to the L10 �100� variant with the
increase of growth rate. When the lattice constant of underlayer is small, the ordered structure of CoPt films
changes from the L10 �100� variant to the L10 �001� variant, and then changes to L10 �100� variant with the
increase of growth rate. These ordering-orientation transitions also occur with the decrease of temperature at
adequate growth rate. We show that the underlayer with large lattice constant and the Pt buffer layer are
suitable for the formation of the L10 �001� ordered structure.
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I. INTRODUCTION

The epitaxial methods have been extensively used in alloy
growth for the purpose of fabricating various ordered
structures.1–7 The epitaxial methods are used to prepare the
highly ordered CoPt and FePt alloys films. For the CoPt and
FePt alloys, the structure is a face-centered-cubic �fcc� struc-
ture with disordered state or is a face-centered-tetragonal
�fct� L10 structure with ordered state. The growth of fct alloy
films with the L10 bulk structure has three equivalent orien-
tation variants: the L10 �100�, �010�, and �001� ordered struc-
tures as shown in Fig. 1. The magnetic anisotropy and Kerr
rotation of CoPt and FePt alloys are sensitive to the chemical
ordering, and many experiments have been devoted to grow-
ing the highly ordered structure under different
conditions.8–34 The substrate and buffer layer are important
in the formation of the ordered structures. For improving the
crystal orientation and order parameter, and lowering the or-
dering temperature, the Pt buffer layer is grown on the sub-
strate MgO or glass before the alloy film growth.11–18 In
some experiments, the Ag underlayers19,20 or Cr
underlayers21 are added between the Pt buffer layers and
MgO substrates. The alloy films can also be grown on the Ag
buffer layers22–26 or the Cr buffer layers.27 The intensity of
CoPt�001� peak increases with the increase of Ag layer
thickness.24 The lattice constants of Pt, Ag, and Cr are all
larger than that of CoPt, which can increase the lattice con-
stant of CoPt in the film direction. The Cu buffer layers are
used to grow the alloy films.28,29 The Cu buffer layer, whose
lattice constant is smaller than that of CoPt, can decrease the
lattice constant and change the magnetic anisotropy from out
of plane to in plane with the increase of the Cu buffer layer
thickness.29 The Ag buffer layer is more suitable for forming
L10 �001� ordered structure than the Cu buffer layer.30 Metal
alloys have been also used as the underlayer materials, for
example, the CrX �X=Ru,Mo,W,Ti� underlayers31,32 or the
RuAl underlayers33 are inserted between the Pt buffer layers
and substrates. Changing the concentration ratio of alloy is

used to adjust the lattice constant of underlayer to affect the
structure and properties of the grown thin films.34

The growth conditions affect the kinetic process during
the epitaxial growth, in particular, the choice of the buffer
layer and the underlayer. In our previous work,35 we show
that there is an ordering orientation transition due to the ki-
netic anisotropy in CoPt alloy. In this work, we show rich
ordering features under various growth conditions. We find
the equilibrium phase changes from the L10 �100� ordered
structure to the L10 �001� ordered structure with the increase
of the lattice constant parallel to the substrate plane. This
leads to two types of variation paths of ordered structures
with the increase of growth rate and temperature. When the
lattice constant is large, we show that the ordered structure of
CoPt films changes from the L10 �001� variant to the L10
�100� variant with the increase of growth rate. When the
lattice constant is small, the ordered structure of CoPt films
changes from the L10 �100� variant to the L10 �001� variant,
and then changes to the L10 �100� variant with the increase
of growth rate.

The outline of this work is as follows. In Sec. II, we
describe the methods. In Sec. III, we show the results and
discuss the effects of growth conditions on the formation of
the ordered structure of CoPt films. Finally, we give a sum-
mary in Sec. IV.

II. METHODS

We consider an fct thin film of CoPt alloy grown in the
�001� direction. In fct structure, the lateral lattice constant a

FIG. 1. The �001�, �100�, and �010� variants of the L10 ordered
structure.
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is different from the longitudinal lattice constant c, and the
interaction energies in the lateral plane are different from
those between the layers. We describe the system by the
stochastic lattice gas model with the Hamiltonian

H = H0 + �
s

E�0�cCo
s + �

ij
�
ss��

Eij
�1��ci

scj
s�� + �

ij
�
ss��

Eij
�2��ci

scj
s��

+ �
ij

�
ss��

Eij
�1��ci

scj
s�� + �

ij
�
ss��

Eij
�2��ci

scj
s�� , �1�

where H0 is the energy constant, E�0� is the energy per Co
atom, Eij

�1�� is the nearest-neighbor interaction energy in the
lateral plane, Eij

�2�� is the next nearest-neighbor interaction
energy in the lateral plane, and Eij

�1�� and Eij
�2�� are the

nearest- and next-nearest-neighbor interaction energies be-
tween the layers. The variable ci

s=1 if the site s is occupied
by i�=Co,Pt� species and is zero otherwise. The first sum
runs over all sites, the second sum runs over all the nearest-
neighbor sites in the lateral plane, the third sum runs over all
the next-nearest-neighbor sites in the lateral plane, and the
last two sums run over all the nearest- and next-nearest-
neighbor sites between the layers. The interaction energies
Eij

�k� affect the equilibrium ordered structures of the system
only through the interchange energy J�k�= 1

4 �ECoCo
�k� +EPtPt

�k�

−2ECoPt
�k� �. When J�k��0, the system tends to form an ordered

phase, and when J�k��0, the system becomes phase separa-
tion.

In order to calculate the ordering process, we have deter-
mined the structural parameters and interaction energies in
the kinetic equations by performing the calculations of the
total energies of structures using VASP �the Vienna ab initio
simulation package�.36 The approach is based on an iterative
solution of the Kohn-Sham equations of the density-
functional theory in a plane-wave basis set with the Vander-
bilt ultrasoft pseudopotentials.37 The exchange correlation
functional with the generalized gradient approximation is
given by Perdew et al.38 We set the plane-wave cutoff energy
to be 500 eV. The tolerance of the energy convergence is
10−4 eV. In order to determine the accurate interchange en-
ergies, we have employed the same size of supercells for
different structures. The calculations are performed on the
�2�2�1� supercells containing 16 atoms. A mesh of
gamma centered grids 5�5�9 is used to sample the Bril-
louin zone.

For a binary alloy consisting of atoms A and B on a lattice
of fixed symmetry, the total energy can be expressed as39

E�r� = �
n

�n�r��n, �2�

where �n�r� are many-body interaction potentials, the �n are
multisite correlation functions defined on an nth order clus-
ter, r is a lattice constant, and the sum is over all cluster
types on a fixed lattice. We choose six important interaction
potentials, �n, n=0–5, to be determined from the total en-
ergy calculations. �0 represents the structure-independent
term. �1 is the point correlation function. �2, �3, and �4 cor-
respond to the nearest pairs, triangles, and tetrahedra. �5 cor-
responds to the next-nearest pairs.

We need to calculate the energies of both fcc and fct �a
�c� structures to determine the energy parameters in Eq. �1�.
The energies of Co, Pt, Co3Pt�L12�, CoPt�L10�, CoPt�L11�,
and CoPt3�L12� in fcc structure with different lattice con-
stants are calculated. We use the approach of Kozłowski40,41

to calculate interaction energies and get

Jfcc
�1��r� =

1

6
�2�r� ,

ECoPt
�1�fcc�r� =

1

6
��0�r� − �2�r�� ,

ECoCo
�1�fcc�r� =

1

6
��0�r� + �1�r� + �2�r�� ,

EPtPt
�1�fcc�r� =

1

6
��0�r� − �1�r� + �2�r�� . �3�

The next-nearest-neighbor interaction energies are small, and
we calculate them by ECoPt

�2� �r�=− 1
2Jfcc

�2��r�=− 1
2�5�r� and

ECoCo
�2� �r�=EPtPt

�2� �r�=0.0 eV. The equilibrium structure is only
determined by the interchange energy Jfcc

�i� , and Eij
�2��r� has

little effects on the kinetics of growth.
For the fct structure, the distances of the nearest pairs in

the lateral plane and between the layers are different. We
have distinguished the nearest pairs in the lateral plane and
the nearest pairs between the layers as different pair energies.
We have �2

� and �2
�, which correspond the nearest pair inter-

action potential in the lateral plane and the nearest pair in-
teraction potential between the layers, respectively. Under
the approach by Kozłowski,41 we get

J
�1�

=
1

2
�2

� ,

J�
�1� =

1

4
�2

�. �4�

Only the interchange energies can be deduced directly,
and we need to approximate other interaction energies for the
fct structures by those of the fcc structures with the same
lattice constants. Since the next-nearest-neighbor interaction
energies are very small, we do not distinguish their direction
dependence and determine them by the results in the fcc
structures.

During the epitaxial growth process, the system consists
of three components, two atomic species �Co and Pt�, and
vacancy �V�. The lattice of �001� planes of an fct alloy is the
square lattice. To describe the ordering of the system, we
divide the square lattice of each layer into two sublattices ��
and ��. The configurations of the system are described by
the site probabilities in the kinetic mean-field approximation
of growth.42,43 Pi

s�m , t� is the probability occupied by
i�=Co,Pt,V� species in s�=� ,�� sublattices on the mth
growth layer at time t. In the calculation, the site probabili-
ties satisfy the following normalization conditions:
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�
i�Co,Pt,V�

Pi
��m,t� = 1, �

i�Co,Pt,V�
Pi

��m,t� = 1. �5�

The concentrations of each layer are related to the site prob-
ability Pi

s as follows: xi�m�= �Pi
��m�+ Pi

��m�� /2. The phase
structures are described by the following order parameters in
each layer related to the site probability Pi

s. The order param-
eter in the �100� direction is 	�100��m�= PCo

� �m�− PCo
� �m�. The

order parameter in the �001� direction17 is 	�001��m�
= �xCo�m�−xPt�m��. The order parameters equal to 1 corre-
spond the complete ordering. When the order parameter of
an orientation variant is zero, the system is disordered for
this orientation variant. When the order parameter takes frac-
tional value, the ordering in that direction is partial, which
means that the corresponding sublattices are not completely
occupied by one species of atoms �Co or Pt atoms�.

In the kinetics of growth, there are the three contributions
from the diffusion, adsorption, and evaporation
processes.42,43 For the diffusion process, we can define the

basic exchange probability function Yij
ss��m , l�, which repre-

sents the exchange probability between species i on the site s
of the mth layer and species j on the site s� of the lth layer
per unit time. Yij

ss��m , l� is proportional to the atomic ex-

change rate, the site probabilities Pi
s�m� and Pj

s��l�, the acti-
vation energy factor exp�−�Uij�, and the bond broken factor

wij
ss��m , l� describing the effect of the neighboring sites for

the exchange.44,45 The growth process satisfies the solid on
solid restriction condition, and Yij

ss��m , l� is proportional to
the vacancy probability of the layer above the top layer,
PV�k� �k=max�m , l�+1�. Then, Yij

ss��m , l� is given by

Yij
ss��m,l� = 
Pi

s�m�Pj
s��l�exp�− �Uij�wij

ss��m,l�PV�k� . �6�

We consider only the exchange between nearest neighbors,
so the relation between m and l is l−m=0, ±1. The diffusion
rate depends on the local atomic configuration.45 Each
atomic exchange is affected by the interaction with the spe-
cies on the neighboring sites. In the site approximation, the
summation over the neighboring configurations can be given
by a more computational efficient product of sums.45 This
product factor due to the interaction changes of the exchange
species with the neighboring species in the atomic exchange
is called the bond broken factor. In our work, we consider
not only the neighboring sites in the plane but also the neigh-
boring sites in the substrates. For the exchange in the plane,
the neighboring sites are shown in Fig. 2. In Fig. 2�a�, the
bonds are the nearest-neighbor interactions. In Fig. 2�b�, the
bonds are the next-nearest-neighbor interactions. The bond

broken factor wij
ss��m ,m� for the exchange in the plane is

given as follows:

wij
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2
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� . �7�

For the exchange between the layers, the neighboring sites are shown in Fig. 3. The bond broken factor wij
ss��m ,m−1� for the

exchange between the layers is given as follows:

FIG. 2. �Color online� The neighboring sites for the exchange in
the plane: blue �dark gray� site is the s sublattice and white �light
gray� site is s� sublattice. �a� The nearest-neighbor interactions; �b�
the next-nearest-neighbor interactions.
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wij
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The broken factor wij
ss��m ,m+1� is similar with wij

ss��m ,m
−1�.

For the adsorption process, we define Xi
s�m� as the adsorp-

tion probability of the species i on the sublattice s of the mth
layer per unit time. Xi

s�m� is proportional to the adsorption
rate �i, the vacancy probability PV

s �m�, and the probability
for underlayer occupied by atoms ���,�(PCo

s �m−1�+ PPt
s �m

−1�)�2. Then, Xi
s�m� is given by

Xi
s�m� = �iPV

s �m����,�„PCo
s �m − 1� + PPt

s �m − 1�…�2. �9�

For the evaporation process, we define Zi
s�m� as the

evaporation probability of the species i on the s sublattice of
the mth layer per unit time. An atom can only evaporate

when the sites over it are occupied by vacancies. Zi
s�m� is

proportional to the evaporation rate �i�, the site probability
Pi

s�m� of the evaporation atom, the chemical potential factor
exp�−i /kBT� �i is the chemical potential of the i species�,
the bond broken factor Vi

s for evaporation, and the probabil-
ity for the sites over it occupied by vacancies. Then, Zi

s�m� is
given by

Zi
s�m� = − �i� exp�− i/kBT�Vi

sPi
s�m��PV

��m + 1�PV
��m + 1��2.

�10�

The bond broken factor Vi
s�m� describes the effect of the

neighboring sites for the evaporation. We consider only
nearest-neighbor and next-nearest-neighbor interactions, and
the bond broken factor Vi

s�m� is given by

Vi
s�m� = � �

k=CoPtV
Pk

s��m�exp��Eik
�1����4� �

k=CoPtV
Pk

s�m�exp��Eik
�2����4� �

k=CoPtV
Pk

s�m − 1�exp��Eik
�1����2

�� �
k=CoPtV

Pk
s��m − 1�exp��Eik

�1����2� �
k=CoPtV

Pk
s�m − 2�exp��Eik

�2���� . �11�

The adsorption rate is related to the evaporation rate by the
detailed balance condition.42

From the above analysis, we can get the following differ-
ential equations describing the kinetics of growth:

dPi
s�m�
dt

= �
j

�
s�

�Y ji
ss� − Yij

ss�� + Xi
s�m� + Zi

s�m� , �12�

where the first sum runs over all nearest sites of the i species

on the site s. Since the vacancy probabilities satisfy the nor-
malization conditions, we consider the site probabilities of
the two atomic species �Co and Pt� on the two sublattices in
all film layers. There are 2�2�8 differential equations,
solved numerically by the Runge-Kutta method. Since the
diffusion, adsorption, and evaporation processes are affected
by the neighboring layers, the site probabilities are correlated
and the equations are solved simultaneously. Initially, the
growth layer is empty and the buffer layer is Pt layer. We

LIN SHI AND JUN NI PHYSICAL REVIEW B 77, 035407 �2008�

035407-4



give the evolution of the occupied probabilities based on the
differential equations.

In the kinetic process, we take the activation energy of
atomic diffusion as follows: The activation energy for the
surface diffusion of Pt atoms is taken as 0.47 eV, which is
the activation energy for Pt diffusion on the Pt�001�
surface,46 and the activation energy for the surface diffusion
of Co atoms is taken as 0.58 eV, which is the activation
energy for Co diffusion on the Co�001� surface.47 For the
bulk diffusion in CoPt�001� multilayers, the activation en-
ergy is 1.1 eV.48 Since the atomic jumping frequency is ap-
proximately 1014 s−1, we take the prefactor 
D=�D

−1

=1014 s−1. The surface diffusion is much faster than the bulk
diffusion for the CoPt epitaxial growth.

III. RESULTS

In epitaxial growth, CoPt thin films with a certain lattice
mismatch with the substrate are grown. The lattice constant
of the thin film can be changed in the substrate direction due
to the mismatch.49 The initial growth of the thin films on the
substrate is pseudomorphic growth with uniaxial distortion
of the films. There are limitations on the thickness of pseudo-

morphic growth. As long as the film thickness is below the
critical thickness, a matched film can be grown on a sub-
strate. In the epitaxial growth of CoPt alloy, the thickness of
the underlayer is about 30 nm and the thickness of the Pt
buffer layer is about 4 nm.31,32 Since the thickness of the Pt
buffer layer is small and its lattice constant is decided by that
of the underlayer, the lattice constant of initial CoPt growth
layer is decided by the lattice constant of the underlayer. We
can change the lattice constant of the underlayer to adjust
that of CoPt growth layer and Pt buffer layer.

A. Interaction energies and the equilibrium phases

We have calculated the structural parameters, energy pa-
rameters and binding energies as shown in Table I. Figure 4
shows the ratios c /a and J

�

�1� /J�
�1� as a function of the lattice

constant a. The ratio c /a decreases from 1.022 to 0.947 with
the increase of the lattice constant a from 3.70 to 3.83 Å. In
our previous work,35 we have considered the case of fcc
lattice with a=3.77 Å. In this work, we find that the fcc case
corresponds to the one with lattice constant a�3.74 Å. The
kinetic features for fct lattice with a�3.74 Å are also similar

TABLE I. The structural parameters, energy parameters and binding energy E of CoPt alloys with
different lattice constants.

1 2 3 4 5 6

a �Å� 3.83 3.80 3.77 3.74 3.72 3.70

c �Å� 3.63 3.67 3.70 3.73 3.76 3.78

ECoPt
�1�� �eV� −0.916 −0.905 −0.891 −0.875 −0.864 −0.851

ECoCo
�1�� �eV� −0.732 −0.732 −0.729 −0.725 −0.723 −0.718

EPtPt
�1�� �eV� −0.914 −0.881 −0.844 −0.804 −0.775 −0.744

ECoPt
�1�� �eV� −0.637 −0.718 −0.796 −0.872 −0.928 −0.987

ECoCo
�1�� �eV� −0.558 −0.617 −0.671 −0.726 −0.764 −0.803

EPtPt
�1�� �eV� −0.495 −0.599 −0.696 −0.794 −0.868 −0.946

ECoPt
�2�� �eV� 0.014 0.014 0.015 0.015 0.015 0.015

ECoPt
�2�� �eV� 0.016 0.016 0.015 0.015 0.015 0.015

J�
�1� �eV� 0.0463 0.0493 0.0523 0.0555 0.0578 0.0600

J
�

�1� �eV� 0.0550 0.0553 0.0558 0.0563 0.0563 0.0560

E�001� �eV/atom� −4.194 −4.485 −4.757 −5.017 −5.210 −5.408

E�100� �eV/atom� −4.159 −4.462 −4.741 −5.014 −5.216 −5.424

FIG. 3. �Color online� The neighboring sites for the exchange
between the layers: blue �dark gray� site is the s sublattice and white
�light gray� site is s� sublattice. �a� The nearest-neighbor interac-
tions; �b� the next-nearest-neighbor interactions.

FIG. 4. The ratios c /a and J
�

�1� /J�
�1� as functions of the lattice

constant a.
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to the results in our previous work.35 Since the evaporation
probability and the difference between the interaction ener-
gies for Co and for Pt are small, the concentrations of each
species are mainly decided by the adsorption rates. The ad-
sorption rates for Co and for Pt are the same. The calculated
results shows that the fluctuations of concentrations are
smaller than 0.01, so it is considered as equiatomic growth.
The interaction energies Eij

�k� affect the equilibrium phase
transition of the system only through the interchange ener-
gies. We have also calculated the interchange energies of
different orientations at different lattice constants as shown
in Table I. We have calculated the binding energy E by the
interaction energy parameters as shown in Table I. It can be
seen that when a�c, J

�

�1� /J�
�1��1 and the binding energy

E�001� for the L10 �001� ordered structure is lower than
E�100� for the L10 �100� ordered structure. The L10 �001�
ordered structure is the equilibrium phase. When a�c,
J

�

�1� /J�
�1��1 and E�001� is higher than E�100�. The L10 �100�

ordered structure is the equilibrium phase. With the increase
of a, the ratio J

�

�1� /J�
�1� increases from 0.936 to 1.188, and the

equilibrium phase changes from the L10 �100� ordered struc-
ture to the L10 �001� ordered structure. This change leads to
various features in the kinetic process.

The equilibrium phase corresponds to the phase formed in
the kinetic process at small growth rate. In addition to the
lattice constant of the substrate, the other factors which affect
the kinetic process are the growth temperature, the growth
rate, and the buffer layer. The higher the growth temperature
is, the faster the atoms diffuse and the easier the system
reaches equilibrium phase. The growth rate also affects the
diffusion. When the growth rate is large, the surface is cov-
ered quickly and the time for diffusion is short, and then the
system reaches disorder phase or metastable phase. When the
growth rate is small, the time for diffusion is long which is
suitable for forming ordered structure. We choose the Pt
buffer layer which is generally used in experiments. Since Pt
and Co tend to be nearest neighbors, the Pt buffer layer tends
to result in the growth of Co atom in the first layer which
favors the formation of the L10 �001� ordered structure. The
whole kinetic process is determined by all these factors, and
the resulted structures are varied under different growth con-
ditions.

When the various transitions between the L10 �001� or-
dered structure and the L10 �100� ordered structure occur, the
lattice parameters and the interaction energies will change.
For the case of complete ordering, since the parallel lattice
parameter a is decided by the underlayer, we fix only a to
calculate the binding energies for various orientations by the
first principles method. Table II shows the binding energy
difference �E=E�001�−E�100�. The lattice constant c of the
L10 �001� ordered structure is smaller than that of the L10
�100� ordered structure. The binding energy difference in-
creases with the decrease of the lattice constant a. We have
also calculated the binding energy differences from the en-
ergy parameters. The binding energy difference calculated
from the energy parameters also increases with the decrease
of the lattice constant a. They show the same variation ten-
dency, and the energy differences are small. Thus, the energy

parameters can describe the energy change under the
ordering-orientation transitions approximately.

B. Order parameters versus �

Then, we study the effects of the growth rate on the
growth kinetic process. We define the ratio �=� /
D between
the deposition rate � and atomic jumping frequency 
D and
use � as a parameter. Since the equilibrium phases are dif-
ferent for different lattice constants, we have calculated the
order parameters as a function of � for different lattice con-
stants as shown in Fig. 5. 	̄ is the average value of the four
intermediate layers to avoid the effect of the substrate and
surface. When a=3.83 Å and c=3.63 Å as shown in Fig.
5�a�, the �001� direction is the dominant ordering direction in
the whole kinetic process. 	�100� has a peak, but its value is
always lower than 	�001�. In this case, J

�

�1� /J�
�1��1 and J

�

�1� is
the dominant energy. The Pt buffer layer also leads to the L10
�001� ordered structure. The surface diffusion process for
forming the �100� variant becomes less effective. Thus, with
the decrease of growth rate, the L10 �001� ordered structure
forms and the average order parameter 	�001� is higher than
	�100�. In the case of a�c, the equilibrium phase is the L10

�001� ordered structure. When a decreases and c increases,
the kinetic process of surface diffusion for the L10 �100�
ordered structure becomes more effective. The structure first
changes from the L10 �001� variant to the L10 �100� variant,
and then the structure changes to the disordered state with
the increase of the growth rate as shown in Figs. 5�b�–5�d�,
which is similar to our previous results.35 The peak value and
the width of 	�100� increase with the decrease of the lattice
constant a. When J

�

�1� is almost equal to J�
�1�, the surface

diffusion process for the formation of the L10 �100� variant
becomes important. The L10 �100� ordered structure forms at
a larger growth rate although the equilibrium phase is the L10
�001� ordered structure. When a�c, the equilibrium phase is
the L10 �100� ordered structure. The ordering-orientation first
changes from the �100� direction to the �001� direction, then
changes to the �100� direction, and finally the structure
changes to the disordered state with the increase of growth
rate as shown in Figs. 5�e� and 5�f�. In these cases,
J

�

�1� /J�
�1��1, which leads to the stable L10 �100� ordered

structure. The pure diffusion process will not lead to the

TABLE II. The binding energy difference between two ordering
orientations calculated by the first principles method and by energy
parameters.

a
�Å�

�E �eV�
�calculated by VASP�

�E �eV�
�by energy parameters�

3.83 −0.025 −0.035

3.80 −0.013 −0.023

3.77 −0.005 −0.016

3.74 0.007 −0.003

3.72 0.013 0.006

3.70 0.023 0.016
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formation of the L10 �001� ordered structure. However, the
Pt buffer layer prefers the formation of the L10 �001� ordered
structure and has an opposite effect with the interchange en-
ergies. The ordering process is rather complex in this case.
There is a peak in the curve of the order parameter for the
L10 �001� variant and a corresponding valley in the curve of
the order parameter for the L10 �100� variant as shown in
Figs. 5�e� and 5�f�. With the decrease of a, the width of 	�001�
peak decreases. In these cases, the Pt buffer layer becomes
less effective and J�

�1� becomes more effective due to J
�

�1� /J�
�1�

decreases with the decrease of a.
Now, we analyze the whole kinetic feature of the

ordering-orientation transition shown in Fig. 5�f�. When the
growth rate is very small ��=7.5�10−9�, as shown in Figs.
6�a� and 6�b�, there are small peaks in the curves of the order
parameters for the first layer, which indicates that the atoms
tend to form the L10 �001� ordered structure initially due to
the effect of Pt buffer layer. However, atoms have enough
time to diffuse, and the equilibrium phase L10 �100� ordered
structure forms finally. When the growth rate increases ��
=5.0�10−8�, as shown in Figs. 6�c� and 6�d�, the atoms do
not have enough time to form the equilibrium phase but can
diffuse between the different layers. Under the affection of Pt
buffer layer, the system forms the L10 �001� ordered struc-
ture and the peak of 	�001� occurs. When the growth rate
increases further ��=6.0�10−6�, as shown in Figs. 6�e� and
6�f�, the atoms have only time to diffuse on the surface.
Then, the L10 �100� ordered structure forms and the peak of
	�100� occurs. In Fig. 5�f�, there is a small valley on the peak
of 	�100� �the large peak can be considered as consisting of
two peaks�. The formation mechanism of the small valley is
as follows: When the growth rate continues to increase ��
=8.75�10−6� after the peak, as shown in Figs. 6�g� and 6�h�,
the atoms do not have enough time to diffuse in the first layer
and the order parameter of the first layer decreases and those
of the following layers also decrease, which leads to a de-
crease of 	�100�. When the growth rate increases further ��
=1.35�10−5�, as shown in Figs. 6�i� and 6�j�, atoms have

little time to diffuse in the first layer and cannot form ordered
layer. However, the disordered layer leads to the high or-
dered second layer by the mechanism of the oscillatory or-
dered phase,43 which leads to the increase of the order pa-
rameter in the �100� direction and the formation of the small
valley on the peak of 	�100�. When the growth rate is very
quick ��=2.0�10−4�, atoms do not have time to diffuse, and
only the disordered phase forms. Under the competition
among the effects of all growth parameters, the structure first
changes from the L10 �100� ordered structure to the L10

�001� ordered structure, then changes back to the L10 �100�
ordered structure, and finally the structure becomes a disor-
dered one with the increase of growth rate.

For comparison, we have also calculated the order param-
eters as a function of � for different lattice constants using
the Monte Carlo method50 with the same growth mechanism
and energy parameters as those used in the mean-field ap-
proach. The simulations are carried out on square 32�32
lattices with eight growing layers. The periodic boundary
condition in the x-y plane is used. The square lattices are
divided into two sublattices to describe the ordering of the
system. The sublattice average occupations are used to cal-
culate the order parameters. Twenty repeated growth proce-
dures are used for the average. As shown in Fig. 7, the curves
of the order parameters are consistent with those calculated
by the mean-field approach. When a�3.80 Å, the �001� di-
rection is the dominant ordering direction as shown in Figs.
7�a� and 7�b�. In the case of a�c, when a decreases and c
increases, the kinetic process of surface diffusion for the L10
�100� ordered structure becomes more effective. The struc-
ture first changes from the L10 �001� variant to the L10 �100�
variant, and then the structure changes to the disordered state
with the increase of the growth rate as shown in Figs. 7�c�
and 7�d�. When a�c, the L10 �100� ordered structure be-
comes the equilibrium phase. When a=3.72 Å and c
=3.76 Å, the ordering-orientation first changes from the
�100� direction to the �001� direction, then changes to the
�100� direction, and finally the structure changes to the

0.0

0.2

0.4

0.6

0.8

1.0

10-8 10-7 10-6 10-5 10-4

0.0

0.2

0.4

0.6

0.8

1.0

10-8 10-7 10-6 10-5 10-4 10-8 10-7 10-6 10-5 10-4

or
de

r
pa

ra
rm

et
er

s

(a)

a=3.80Å

c� 3.67Å
(b)

a=3.77Å

c� 3.70Å
(c)

a=3.74Å

c� 3.73Å

or
de

r
pa

ra
rm

et
er

s

κ

(d)

a=3.72Å

c� 3.76Å

κ

(e)

a=3.70Å

c� 3.78Å

a=3.83Å

c� 3.63Å

κ

(f)

FIG. 5. The order parameters with the change of � for different lattice constants with T=630 K, where circles represent 	�001� and squares
represent 	�100�.
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disordered state with the increase of growth rate as shown in
Fig. 7�e�. When a=3.70 Å and c=3.78 Å, the �100� direction
is the dominant ordering direction in the whole kinetic pro-
cess as shown in Fig. 7�f�. The Monte Carlo method gives
slower ordering kinetics than the mean-field approach, which
is in agreement with the results of Ref. 51 showing that the
evolution time in the pair approximation for the long range

order to reach the equilibrium value is longer than that in the
site approximation. As the lattice constant a decreases from
3.72 to 3.70 Å, the peak for order parameter in the �001�
direction becomes narrower in the results of the mean-field
approach, while the peak for order parameter in the �001�
direction almost disappeared in the case of a=3.70Å in the
results of the Monte Carlo approach.
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C. Order parameters versus temperature

The growth temperature is another important growth con-
dition. Now, we study the variation of the order parameters
with the growth temperature under different lattice constants.
When a�c, the variation of the order parameters is shown in
Fig. 8, which is similar to the results of our previous work.35

The atomic diffusion rate increases with the increase of tem-
perature. 	�001� increases with the increase of the growth
temperature, and 	�100� has a temperature peak when �

�2.0�10−5. The peak value and the width of 	�100� decrease
with the increase of �. The structure first changes from the
L10 �001� variant to the L10 �100� variant, and then the struc-
ture becomes disordered with the decrease of growth tem-
perature.

When a�c, the evolution of the order parameters is
shown in Fig. 9, which is different from that in Fig. 8. When

the growth rate is very small ��=2.5�10−7� as shown in Fig.
9�a�, the system has enough time to diffuse and forms the
L10 �001� ordered structure at the moderate growth tempera-
ture due to the effect of the Pt buffer layer. The structure
changes from the frozen disordered state to the L10 �100�
ordered structure, then changes to the L10 �001� ordered
structure, and finally the structure becomes the L10 �100�
ordered structure with the increase of growth temperature.
When � decreases to �=2.5�10−6, there is a peak in the
curve of 	�001� and a valley in the curve of 	�100� as shown in
Fig. 9�b�. At high temperature and low temperature, both
states are the L10 �100� ordered structures. At the moderate
growth temperature, the system tends to form the L10 �100�
ordered structure but only partial ordering is formed due to
the large growth rate. When �=2.5�10−5, 	�001� increases
with the increase of the growth temperature, and 	�100� first
increases with the increase of temperature and then decreases
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FIG. 7. The order parameters with the change of � for different lattice constants with T=630 K calculated by the Monte Carlo method,
where circles represent 	�001� and squares represent 	�100�.

FIG. 8. The order parameters as a function of T at a=3.80 Å
and c=3.67 Å, where circles represent 	�001� and squares represent
	�100�.

FIG. 9. The order parameters as a function of T at a=3.70 Å
and c=3.78 Å, where circles represent 	�001� and squares represent
	�100�.
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above T=700 K. 	�100� becomes zero at about T=830 K as
shown in Fig. 9�c�. At T=600–700 K, the surface diffusion
dominates the diffusion process and the L10 �100� ordered
structure forms. When the temperature increases, the diffu-
sion rate increases and the atoms can diffuse between differ-
ent layers; thus, the L10 �001� ordered structure forms due to
the large growth rate. When T400 K, 	�100� has a plateau
and its value is about 0.5, and the structure is the oscillatory
ordered phase.43 When �=1.25�10−4, 	�001� increases with
the increase of growth temperature and 	�100� has a small
peak at low temperature as shown in Fig. 9�d�.

D. Peak positions of average order parameters

We have shown that the kinetic anisotropy leads to a peak
of the average order parameter 	̄ with the change of growth
rate and temperature, which results in the ordering-
orientation transitions. Now, we discuss how the peak posi-
tions of the average order parameters change with the growth
condition. The � values of the peak positions as a function of
growth temperature are shown in Fig. 10. It can be seen that
the � values increase with the decrease of the lattice constant
a at the same growth temperature. Since J

�

�1� /J�
�1� decreases

with the decrease of a, the corresponding growth rate � for
the formation of the L10 �100� variant increases.

When J
�

�1� /J�
�1��1, there is only one 	�100� peak and the �

value of the peak position as a function of growth tempera-
ture is shown in Fig. 10�a�. In the case of a=3.83 Å, the
peak of 	�100� disappears when the growth temperature is
higher than 680 K, which indicates that the ordering in the
�100� direction cannot appear when T�680 K for a
=3.83 Å. In the case of a=3.80 Å, the disappearing tempera-
ture of the peak is about 780 K. With the decrease of a, the
temperature range for the occurrence of the peak increases.
When J

�

�1� /J�
�1��1, there are three 	̄ peaks as shown in Fig.

5�d�, and their � values change with the increase of growth
temperature as shown in Fig. 10�b�. The P1, P2, and P3 cor-
respond to the 	�001� peak position, the first 	�100� peak posi-
tion, and the second 	�100� peak position with the increase of
�, respectively. The � value of the 	�001� peak position in-

creases with the increase of growth temperature. When T
�600 K, there is only one 	�100� peak. With the increase of
growth temperature, the oscillatory ordered phase occurs and
the 	�100� peak is divided into two peaks �P2 and P3�. P2

decreases slightly with the increase of growth temperature.
P3 increases with the increase of growth temperature. If there
was no oscillatory ordered phase, the 	�100� peak would be
between P2 and P3 and the corresponding � value would
increase with the increase of growth temperature.

Based on the above analysis of the kinetic process in the
epitaxial growth, we find that the underlayer in the substrate
with larger lattice constant is suitable for the formation of the
L10 �001� ordered structure, and the underlayer with smaller
lattice constant is suitable for the formation of the L10 �100�
ordered structure. The Pt buffer layer also plays an important
role in the kinetics of ordering during the epitaxial growth,
which helps in the formation of the L10 �001� ordered struc-
ture. In order to form the L10 �001� ordered structure with
the important application easily, it is better to choose the Pt
buffer layer and the larger lattice constant underlayer. For the
underlayer with moderate lattice constant, we can adjust the
growth rate and the growth temperature to obtain different
ordering-orientation transitions.

IV. SUMMARY

We have investigated the effects of the various growth
conditions on the kinetic process during epitaxial growth. In
the CoPt film epitaxial growth on the Pt buffer layers and
underlayers with different lattice constants, we show that the
ratio of J

�

�1� /J�
�1� increases with the increase of the lattice

constant a. When a�3.74 Å, J
�

�1��J�
�1�. The equilibrium

phase is the L10 �001� ordered structure. At moderate growth
temperature such as T=630 K, the structure first changes
from the L10 �001� ordered variant to the L10 �100� ordered
variant, and then the structure becomes disordered with the
increase of growth rate. The ordering-orientation transition
also occurs with the change of temperature. 	�001� increases
with the increase of the growth temperature and 	�100� has a
temperature peak at adequate growth rate. The peak value

FIG. 10. The � values of the order parameter peak positions as a function of temperature for different lattice constants: �a� a�3.74 Å and
J

�

�1� /J�
�1�

�1; �b� a�3.74 Å and J
�

�1� /J�
�1�

�1.
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and the width of 	�100� decrease with the increase of growth
rate. The peak of 	�100� becomes smaller at large growth rate.
On the other hand, when a�3.74 Å, J

�

�1��J�
�1�. The equilib-

rium phase is the L10 �100� ordered structure. When a
=3.72 Å and c=3.76 Å, the ordering orientation first
changes from the �100� direction to the �001� direction, then
changes to the �100� direction, and finally the structure be-
comes disordered with the increase of growth rate at moder-
ate growth temperature. The grown structure depends on the
growth temperature. At small growth rate, the structure
changes from the frozen disordered state to the L10 �100�
ordered structure, then changes to the L10 �001� ordered
structure, and finally the structure becomes the L10 �100�
ordered structure with the increase of the growth tempera-
ture. At moderate growth rate, 	�001� has a temperature peak
and 	�100� has a temperature valley. At large growth rate,
	�001� increases with the increase of growth temperature and

	�100� has a temperature peak. We have determined the varia-
tion of the peak positions of the order parameters with the
change of growth condition. The � value of the 	�100� peak
position increases with the decrease of the lattice constant a.
In order to form the L10 �001� ordered structure easily, the
substrate should have the Pt buffer layer and the underlayer
with large lattice constant. For the occurrence of the different
ordering-orientation transitions, it is better to choose the un-
derlayer with moderate lattice constant.
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