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Metastability of an immiscible Cu-Mo system calculated from first-principles
and a derived n-body potential

H. R. Gong, L. T. Kong, and B. X. Liu*
Advanced Materials Laboratory, Department of Materials Science and Engineering, Tsinghua University, Beijing 100084, Chi

~Received 2 April 2003; revised manuscript received 2 September 2003; published 15 January 2004!

An ab initio calculation is performed to predict the structures, lattice constants, and cohesive energies of the
metastable Cu75Mo25, Cu50Mo50, and Cu25Mo75 phases. With the aid of anab initio calculation, ann-body
Cu-Mo potential is derived and proven to be realistic in reproducing some intrinsic properties of the metastable
Cu-Mo phases. Based on the Cu-Mo potential, a molecular dynamics simulation reveals that a crystal-to-
amorphous transition takes place in a Cu-rich fcc solid solution when the solute concentration reaches/exceeds
a critical value of 25 at. % Mo. Moreover, a molecular dynamics simulation also predicts the formation of
metastable fcc and bcc Cu-Mo phases and determines the heats of formation of both crystalline and amorphous
phases, thus constructing an energy diagram of the Cu-Mo system over the entire composition range. The
calculation/simulation results are compared with the experimental observations, and the agreements between
them are fairly good.
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I. INTRODUCTION

During the past decades, a number of metastable al
were produced by various nonequilibrium techniques, s
as mechanical alloying, vapor quenching, ion beam mixi
etc., in many equilibrium immiscible binary metallic sy
tems, which, in many cases, have no any equilibrium al
phase.1,2 For instance, metastable fcc and bcc Cu-Fe so
solutions were both obtained by vapor deposition a
showed different magnetic properties.3 Metastable Cu-Cr and
Cu-Nb alloys were found to possess a high strength an
high electrical conductivity, and were possible candidates
electrical devices and high-field magnets, respectively.4,5 As
a result, the prospective applications of the metastable al
have raised much interest for theoretical investigations c
cerning the metastability of the equilibrium immiscible sy
tems. In this respect, Miedemaet al. developed, in the mid
1970s, a semiempirical thermodynamic model to predict
metastable alloy phase formation in a semiquantita
manner.2 Later, based on Miedemaet al.’s model, Alonso
et al.developed a semiempirical method to calculate the f
energy diagram of the binary metallic systems for und
standing the metastable alloy phase formation.6 Meanwhile,
two other powerful means have been employed to study
metastability of binary metallic systems, i.e., a molecu
dynamics~MD! simulation for revealing the physical mech
nism at an atomistic scale and a first-principles calculat
for a theoretical modeling at a depth of the electronic str
ture of solids. The present work proposes a comprehen
method for studying the metastability of an equilibrium im
miscible binary metallic system by combining anab initio
calculation and a MD simulation based on a realisticn-body
potential.

Among the immiscible binary metallic systems, th
Cu-Mo system, characterized by a large positive heat of
mation (DH f5128 kJ/mol)2 has drawn much attention i
recent decades.7–12 For example, in 1985, Dirks and Broe
found that vapor-deposited Cu1002xMox thin films exhibited
0163-1829/2004/69~2!/024202~9!/$22.50 69 0242
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a bcc structure when 30<x,100 and had an fcc structur
when 0,x<20. They also observed that the electrical res
tivity of Cu-Mo alloys increased with the alloy concentratio
when 0<x<50 and decreased when 50,x<100.7 Very re-
cently, Djemiaet al. found that the elastic constants of th
ion-beam-sputtered Cu-Mo alloy films laid between those
pure Cu and Mo, and that a hardening of approximately 2
of elastic constants occurred for the Cu30Mo70 alloy films
after annealing at 760 K.8 Moreover, Yang and Rockett re
ported that metastable solid solutions of Cu in Mo contain
approximately 30 at. % Cu could provide a significantly e
hanced adhesion to the CuInSe2 substrate, resulting in im-
proving the uniformity as well as the performance of t
photovoltaic devices.9 Considering the above backgroun
the immiscible Cu-Mo system is thus selected as a mo
system for the present study. To the authors’ knowled
there is no realisticn-body potential orab initio calculation
reported for the Cu-Mo system in the literature. With rega
to the construction of ann-body Cu-Mo potential, it should
be noted that in the equilibrium immiscible Cu-Mo syste
there is no equilibrium compound which could provide som
physical data for fitting the Cu-Mo cross potential. In th
respect, Luzziet al., in the early 1990s, proposed to perfor
an ab initio calculation for obtaining some physical prope
ties of the metastable Cu3Bi alloy and the calculated dat
were used in constructing a Finnis-Sinclair Cu-
potential.13,14Later, Sieglet al.also used this Cu-Bi potentia
to study atomic structures of the grain boundaries in so
Cu-Bi alloys.15 In the present study, we adopt the same a
proach to construct ann-body Cu-Mo potential. Accordingly,
we first performab initio calculation to predict the struc
tures, lattice constants, and cohesive energies of the pos
metastable Cu75Mo25, Cu50Mo50, and Cu25Mo75 phases.
Some of theab initio calculated properties, i.e., the prope
ties of theL12 Cu75Mo25 andB2 Cu50Mo50 phases, are then
employed to derive the Cu-Mo cross potential, thus co
structing ann-body Cu-Mo potential under the framework o
an embedded-atom method. Based on the proven rea
©2004 The American Physical Society02-1
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Cu-Mo potential, a MD simulation is conducted to pred
the formation of metastable Cu-Mo phases in either crys
line or amorphous structures as well as to determine the h
of formation of the metastable Cu-Mo phases of the syst

II. THEORETICAL AND CHARACTERIZATION
METHODS

A. Ab initio calculation

The first-principles calculation is based on the we
established Viennaab initio simulation package.16 The cal-
culations are conducted in a plane-wave basis, using no
cal Vanderbilt-type ultrasoft pseudopotentials to describe
electron-ion interaction,17 which allows the use of a moder
ate cutoff for the construction of the plane-wave basis for
transition metals. In the calculations, the exchange and
relation items are described by the generalized-grad
approximation of Perdew and Wang.18 The integration in the
Brillouin zone is done on specialk points determined accord
ing to the Monkhorst-Pack scheme.19

In the presentab initio calculations, we only choose som
simple structures for the possible metastable Cu75Mo25,
Cu50Mo50, and Cu25Mo75 phases, based on the followin
considerations. First, for a complicated structure, such
D02 , D021, L1a , etc. Its unit cell contains more atoms tha
simple structures and frequently requires large computatio
resources, which are impractical because of the limitation
the calculation capability at present. Second, experime
results signify that the metastable alloy phases are, in m
cases, of simple structures, such as fcc, bcc, and hcp s
tures, rather than complicated ones. The experimental re
seem to suggest that a unit cell with a larger size proba
requires a larger critical radius and longer time for nucleat
and growth, and it is perhaps more likely to be frustra
under the restricted kinetic conditions available in the n
equilibrium producing processes, such as ion beam mix
vapor deposition, etc. The following fact may lend some s
port to this argument, i.e., ion irradiation of the Ni50Mo50
multilayers resulted in the formation of a metastable hexa
nal phase, instead of the most stable equilibriumd phase,20

which has an exact stoichiometry of Ni50Mo50. The hexago-
nal phase is a simple structure with two atoms in a unit c
while thed phase has been characterized to be a very c
plicated and ordered orthorhombic structure with 56 atom
a unit cell.21 The structural complexity of thed phase is
believed to be the major factor that prevents its format
under an extremely restricted kinetic condition available
the ion irradiation process.20 Besides, experimental observ
tions signify that the metastable Cu-Mo phases formed so
in the literature are of simple structures, such as bcc and
rather than complicated ones.7,10–12,22,23

In particular, the Cu25Mo75 phase was found to have a bc
structure in experiments.22,23 However, there is no such
atomic configuration corresponding to the bcc structure
the AB3 phase in the list of the ordered structures. Con
quently, in the presentab initio calculation, we adopt the
ordered configuration of the bcc structure proposed by
et al.24 for the bcc Cu25Mo75 phase, and its unit cell is set t
contain four atoms.
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B. Molecular dynamics simulation

A molecular dynamics simulation is carried out with
Parrinello-Rahman constant pressure scheme and the e
tions of motion are solved through a fourth-order predict
corrector algorithm of Gear with a time step oft55
310215 s.25 In the present study, two kinds of simulatio
models are employed for all the Cu-Mo phases, i.e., an
solid solution model, which consists of 737373451372
atoms, and a bcc solid solution model, which contains
38383251024 atoms. In all the above simulation mode
the @100#, @010#, and@001# atomic crystal directions are par
allel to the x, y, and z axes, respectively, and period
boundary conditions are adopted in three dimensions. In
fcc ~bcc! solid solution models, to obtain a specific chemic
stoichiometry of a Cu-Mo alloy phase, a desired number
Cu ~Mo! atoms are random substituted by Mo~Cu! atoms in
the models. The models are then run at 300 K for adequ
MD time steps~usually 100 000 MD time steps! to reach a
state, at which the main dynamic parameters, such as
total energy of the model, the volume per atom, etc., do
show any secular variation, i.e., the variations of the para
eters are less than 0.1% during 1000 MD time steps.

The process of the structural phase transition is monito
by the projections of the atomic positions, the planar str
ture factorS(k), the pair-correlation functiong(r ), and the
density profiles of each species along thez directionra(z).
The planar structure factorS(k) is a Fourier transformation
of the density to characterize the long-range order in
direction of any vectork, which is a vector of the reciproca
space lattice. Accordingly, the planar structure factorS51
refers to an entirely ordered crystal, whileS50 is for a com-
pletely disordered state.26 In the present study, we choos
S(k,z), as a specific representative ofS(k), to reflect the
structural phase transition in each crystallographic plane
allel to thex-y plane. It should be pointed out that the oth
directions, such as thex or y axis, could also be selected as
representative ofS(k), and that the structural change in ea
direction is reflected by the pair-correlation function in t
present study. As one of the main criteria to determine
amorphous structure, the pair-correlation functiong(r ) is
commonly used to identify the structure of a block mater
by sampling the atoms involved in the block.27 The density
profile ra(z) is calculated to define the position of a sing
atomic layer, indicating the local structural and compo
tional properties of the models.28

III. RESULTS AND DISCUSSION

A. Prediction of metastable crystalline Cu-Mo phase
formation

An ab initio calculation is performed to predict the stru
tures, lattice constants, and cohesive energies of some m
stable crystalline phases in the Cu-Mo system. In the pre
study, only three chemical stoichiometries of Cu75Mo25,
Cu50Mo50, and Cu25Mo75 are calculated due to the restric
tion of the currently available calculation method. As me
tioned above, only simple structures are selected for the
culation, i.e., theA15, D09 , L12 , andL60 structures for the
2-2
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Cu75Mo25 phase, theB1, B2, B3, andB17 structures for the
Cu50Mo50 phase, and the bcc,D09 , L12 , andL60 structures
for the Cu25Mo75 phase. Accordingly, the correlation be
tween the total energy and average atomic volume for
metastable crystalline Cu75Mo25, Cu50Mo50, and Cu25Mo75
phases in different simple structures are obtained and sh
in Figs. 1, 2, and 3, respectively. One sees from the figu
that the metastable crystalline Cu75Mo25 phase in anL12
structure, the metastable crystalline Cu50Mo50 phase in aB2
structure, and the metastable crystalline Cu25Mo75 phase in a
bcc structure have, respectively, the lowest total ene
among the four calculated structures and therefore are
dicted to likely be formed under appropriate conditions. C
respondingly, the lattice constants of theL12 Cu75Mo25
phase, theB2 Cu50Mo50 phase, and the bcc Cu25Mo75 phase
are calculated to be 3.77, 3.03, and 3.10 Å, respectively,
their cohesive energies are calculated to be 3.87, 4.67,
5.71 eV/atom, respectively.

FIG. 1. Theab initio calculated total energy vs average atom
volume for the metastable crystalline Cu75Mo25 phase in different
structures.

FIG. 2. Theab initio calculated total energy vs average atom
volume for the metastable crystalline Cu50Mo50 phase in different
structures.
02420
e

n
s

y
re-
-

nd
nd

From the above calculation results, the heats of format
(DH f) of theL12 Cu75Mo25 phase, theB2 Cu50Mo50 phase,
and the bcc Cu25Mo75 phase are derived to be 47.0, 48.7, a
27.3 kJ/mol, respectively. It is noted that theDH f of these
metastable crystalline Cu-Mo phases are all large posi
values, implying that to obtain these metastable crystal
Cu-Mo phases, nonequilibrium or even far-from-equilibriu
materials processing techniques are probably necessa
supply the required positive heats of formation.

It is of interest to testify the above prediction from theab
initio calculation by comparing the predicted results w
some experimental results observed in the Cu-Mo system
fact, some metastable crystalline Cu-Mo phases were ind
obtained in experiments by some highly energetic noneq
librium materials processing techniques.7,10,22,23,29 For in-
stance, a fcc Cu75Mo25 phase, a bcc Cu50Mo50 phase, and a
bcc Cu25Mo75 phase were obtained by vapor deposition,7 ion
beam mixing,29 magnetron sputtering,10,22 and ion beam
sputtering.23 Moreover, the lattice constants of the fc
Cu75Mo25 phase, the bcc Cu50Mo50 phase, and the bcc
Cu25Mo75 phase determined by diffraction analysis in expe
ments are about 3.68 Å,10 3.05 Å,22 and 3.114 Å,23 respec-
tively. Apparently, these experimentally determined latt
constants are in good agreement with the values of 3
3.03, and 3.10 Å, respectively, predicted by the aboveab
initio calculations, as their differences are less than 2.4%
should be pointed out that such an agreement is excellen
a measuring error in diffraction analysis could generally
about 3%. In short, the aboveab initio calculation is a rel-
evant and satisfactory approach for predicting the format
of metastable crystalline phases in the immiscible Cu-
system.

B. Construction of an n-body Cu-Mo potential

In the present study, we also attempt to investigate
possibility of the metastable Cu-Mo alloy formation throug
a MD simulation, which has less restriction on the stud

FIG. 3. Theab initio calculated total energy vs average atom
volume for the metastable crystalline Cu25Mo75 phase in different
structures.
2-3
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TABLE I. Fitted parameters for the Cu-Cu, Mo-Mo, and Cu-Mo potentials. The three constants,n, r s ,
and r c , are also listed.

Cu-Cu Mo-Mo Cu-Mo

x 11.134231 x 7.528924 A 0.393400
a ~eV! 0.725977 k0 ~eV! 20.414269
b 3.457434 k1 ~eV! 21.654422 B ~Å! 0.083531
r a ~Å! 1.6293656 k2 ~eV! 11.124200
F1 ~eV! 0.676073 k3 ~eV! 1.712414 C ~Å! 0.085263
r s ~Å! 3.7 r s ~Å! 3.2
r c ~Å! 4.4 r c ~Å! 4.2
n 0.333333 n 0.57
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chemical stoichiometry thanab initio calculation, yet re-
quires a realisticn-body potential constructed prior to th
simulation. In deriving then-body Cu-Mo potential, we em
ploy the embedded-atom method~EAM!, which was pro-
posed by Daw and Baskes in 1983 and is based on a de
function theory suitable for metals.30 The method was late
successfully developed by Johnson and Oh as well as
and Ye to describe the bulk and defect properties of the t
sition metals in either an fcc or bcc structure.31,32 For the
Cu-Mo system, we adopt the basic function forms of t
Cu-Cu and Mo-Mo EAM potentials,31,32 but with some
modifications proposed by the present authors. First, the
sity function form of Mo-Mo is set to be the same as that
Cu-Cu and it takes a form different from that used in t
original work.31 Second, we adopt a cutoff function propos
by Guellil and Adams,33 and the cutoff distances (r s ,r c) are
between the second- and third-neighbor distances, whe
the cutoff distance was previously set asr cut51.65a0 .32 It
should be pointed out that the proposed modifications co
improve the precision of the potentials, which will be di
cussed later. Accordingly, the EAM forms of the Cu-Cu a
Mo-Mo potentials are expressed as follows:

Etot5(
i

Fi~r i !1
1

2 (
i , j

~ iÞ j !

f i j ~r i j !, ~1!

F~r!52F0F12 lnS r

re
D nG S r

re
D n

1F1S r

re
D , ~2!

r i5(
j Þ i

f ~r i j !, ~3!

f ~r !5 f e exp@2x~r /r e21!#, ~4!

fCu~r !52a@11b~r /r a21!#exp@2b~r /r a21!#, ~5!

fMo~r !55
F~r !5k01k1~r /r e21!1k2~r /r e21!2

1k3~r /r e21!3, r e<r<r s ,

F8~r !5F~r !1ka@~F~r !2F~r e!#~r /r e21!2,

r ,r e ,
~6!
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whereEtot is the total energy,F(r) is the embedding energy
r i is the total electron density at atomi due to all other
atoms,f(r i j ) is the pair potential between atomi and j, and
f (r i j ) is the electron density for atomi contributed by atom
j. In Eq. ~2!, F0 , re , and n are three constants.F05Ec

2Ev
f , in which Ec andEv

f are the cohesive energy and v
cancy formation energy, respectively. The parameterre rep-
resents the host electron density at an equilibrium state.
the Cu-Cu potential,F1 is an adjustable parameter; while fo
the Mo-Mo potential,F1 equals 0. In Eq.~4!, r e is an equi-
librium first-neighbor distance, andf e is a scaling factor de-
termined by the relationship off e5Ec /V, whereV is the
atomic volume. In the above equations, there are totally
parameters (x,a,b,r a ,F1) to be fitted for the Cu-Cu poten
tial and also five parameters (x,k0 ,k1 ,k2 ,k3) to be fitted for
the Mo-Mo potential.

Having specified the function forms ofF(r), f (r ), and
f(r ), we now turn to describe the fitting process of t
Cu-Cu ~Mo-Mo! potential. First, some experimental resu
of pure metal Cu~Mo!, i.e., the lattice constanta, the cohe-
sive energyEc , as well as the elastic constantsC11, C12,
andC44, are used as input physical data for fitting. Seco
the three constants, i.e.,n, r s , and r c , are set a value, re
spectively, as follows: the exponentialn, to our experience, is
set to be around 0.5; the cutoff distances,r s andr c , are set to
be between the second- and third-neighbor distances, an
value of r c should be a little greater than that ofr s . The
above five potential parameters are then determined by m
mizing the root-square deviation between the calculated
experimental data. After each fitting the energy curve of
~Mo! are checked and should be similar to that derived fr
the equation of state of Roseet al.34 Finally, the values of the
three constants,n, r s , and r c , are changed slightly for a
number of times, in order to find a group of optimized p
rameters, corresponding to the optimized fitting results. A
the above fitting procedure and optimization, Table I lists
obtained potential parameters as well as the above three
stants and Table II shows the comparison between s
physical properties reproduced by the potentials and the
perimental values used initially for fitting the Cu-Cu an
Mo-Mo potentials. It can be seen from Table II that the fitt
Cu-Cu potential shows a better description of pure Cu th
that of the original potential32 and the fitted Mo-Mo potentia
gives the better results in reproducing some physical pro
2-4



d

METASTABILITY OF AN IMMISCIBLE Cu-Mo SYSTEM . . . PHYSICAL REVIEW B69, 024202 ~2004!
TABLE II. The values of cohesive energyEc , lattice constanta, bulk modulus, elastic constants, an
vacancy formation energyEv

f of Cu and Mo between calculated and experimental data.

Cu Mo

Experimental Caiet al. This work Experimental Leeet al. This work

Ec ~eV/atom! 3.54a 3.52e 3.54 3.81f 6.81
a ~Å! 3.615b 3.615e 3.615 3.15b 3.15
C11 ~Mbar! 1.70c 1.68e 1.70 4.647g 4.649h 4.647
C12 ~Mbar! 1.225c 1.263e 1.225 1.615g 1.655h 1.615
C44 ~Mbar! 0.758c 0.752e 0.758 1.089g 1.088h 1.089
Ev

f ~eV! 1.30d 1.31e 1.30 2.85g 3.09h 2.85

aReference 35. eReference 32.
bReference 36. fReference 39.
cReference 37. gReference 40.
dReference 38. hReference 41.
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ties of pure Mo than that obtained by Leeet al. employing
the second nearest-neighbor modified EAM potential.41

The Cu-Mo cross potential takes the basic form adop
by Chenet al.,42 yet with some modifications proposed b
the present authors, i.e., the substitution of the variabler
5a1bx) and the adoption of an assumption (b5d5 f ).
Consequently, seven potential parameters in the orig
form are reduced into three and the function form is simp
fied into

fCuMo~r !5A@fCu~r 1B!1fMo~r 1C!#, ~7!

wherer is the distance between Cu and Mo atoms.A, B, and
C are three potential parameters to be fitted. Apparently,
above modifications do not change the physical meanin
the original function form. We now present the fitting pr
cess of the Cu-Mo cross potential. First, the above fit
parameters of the Cu-Cu and Mo-Mo potentials are use
input constants in fitting of the Cu-Mo cross potential. A
there is no any equilibrium alloy phase in the immiscib
Cu-Mo system, we use the aboveab initio calculated lattice
constants and cohesive energies of theL12 Cu75Mo25 andB2
Cu50Mo50 phases for fitting the Cu-Mo cros
potential.13,14,43,44The above three potential parameters
then determined by minimizing the root-square deviation
tweenab initio calculated data and those from the Cu-M
potential. Finally, the energy curves of the Cu75Mo25 and
Cu50Mo50 phases are also checked in comparison with th
from the equation of state of Roseet al.34 Accordingly, the
fitted parameters are obtained and also listed in Table I.
fitted results as well as the original fitting data fromab initio
calculation are all displayed in Table III. One sees clea
from Table III that the fitted lattice constants of the Cu75Mo25
and Cu50Mo50 phases are 3.73 and 3.04 Å, respective
which are in good agreement with the values of 3.77 a
3.03 Å acquired fromab initio calculations, and that the
fitted cohesive energies of the Cu75Mo25 and Cu50Mo50
phases are 3.81 and 4.52 eV/atom, respectively, which
also compatible with theab initio calculated values of 3.87
and 4.67 eV/atom, as their differences are less than 3.3%
short, the Cu-Mo cross potential works quite well for a s
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isfactory description for some metastable crystalline pha
in the equilibrium immiscible Cu-Mo system.

We now turn to validate the newly constructed Cu-M
potential. First, we use both anab initio calculation and the
Cu-Mo potential to derive some elastic constants ofL12
Cu75Mo25 and B2 Cu50Mo50 phases, and these values fro
two different methods are compared. Second, the energie
the Cu75Mo25 and Cu50Mo50 phases in other possible simp
structures are also calculated from the Cu-Mo potential,
spectively, and are compared with those fromab initio cal-
culations. Third, MD simulations using the Cu-Mo potent
are conducted to derive some physical properties of
metastable bcc Cu25Mo75 and Cu30Mo70 phases, and the de

TABLE III. Comparison of some physical properties derive
from ab initio calculation and the Cu-Mo potential for the met
stableL12 Cu75Mo25 and B2 Cu50Mo50 phases.DE1 , DE2 , and
DE3 are the energy differences of the Cu75Mo25 phase in theL60 ,
A15, andD09 structures, with respect to it in theL12 structure,
respectively.DE4 , DE5 , andDE6 are the energy differences of th
Cu50Mo50 phase in theB1, B3, andB17 structures, with respect to
it in the B2 structure, respectively.

Cu75Mo25 Cu50Mo50

Ab initio
calculation

Cu-Mo
potential

Ab initio
calculation

Cu-Mo
potential

a ~Å! 3.77 3.73 3.03 3.04
Ec ~eV/atom! 3.87 3.81 4.67 4.52

B ~Mbar! 1.62 1.42 2.02 2.09
C11 ~Mbar! 1.675 1.453 0.747 0.653
C12 ~Mbar! 1.596 1.418 2.660 2.809
C44 ~Mbar! 0.327 0.367 1.355 1.073
DE1 ~eV/atom! 0.02 0.01
DE2 ~eV/atom! 0.08 0.14
DE3 ~eV/atom! 1.48 0.96
DE4 ~eV/atom! 0.62 0.66
DE5 ~eV/atom! 0.81 1.11
DE6 ~eV/atom! 1.29 1.32
2-5
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rived data are compared with those fromab initio calculation
and experiments. Finally, the ultimate and important vali
tion of the Cu-Mo potential is to compare the metastabi
revealed by the present potential and the experimental ob
vations reported so far, and the good agreements betw
them will be shown in Secs. III C and III D.

Applying the method proposed by Mehlet al.,45 we per-
form anab initio calculation to derive the elastic constants
L12 Cu75Mo25 and B2 Cu50Mo50 phases. The main idea i
presented as follows: we apply small strains to the equi
rium lattice, determine the resulting change in the total
ergy, and from this information, then deduce the elastic c
stants through fitting.45 In addition, using the present Cu-M
potential, we also calculate the elastic constants ofL12
Cu75Mo25 andB2 Cu50Mo50 phases under the expressions
the elastic constants proposed by Chantasiriwan
Milstein.46 Accordingly, the calculated results fromab initio
calculation and the derived Cu-Mo potential are listed
Table III. Generally speaking, the calculated results from t
methods are in reasonable agreement with each other.
instance, one sees that the shear modulus,C44, of the
L12 Cu75Mo25 phase derived from the Cu-Mo potential
0.367, which is in good agreement with the value of 0.3
calculated fromab initio calculations, and that the bul
modulus,B, of theB2 Cu50Mo50 phase from the Cu-Mo po
tential is 2.09, which matches well with theab initio calcu-
lated value of 2.02. It is noticed that for other elastic co
stants, there are some differences between the values
the derived potential andab initio calculations, implying that
an empirical potential may not be perfect in some aspec

Meanwhile, we use the Cu-Mo potential to calculate t
minimum total energies of the Cu75Mo25 phase inD09 , A15,
andL60 structures, respectively, and of the Cu50Mo50 phase
in B1, B3, andB17 structures, respectively. The energy d
ferences of these values with respect to the minimum t
energies ofL12 Cu75Mo25 andB2 Cu50Mo50 phases respec
tively, are shown in Table III. In comparison, the structu
energy differences taken at the minima of the energy cur
in Figs. 1 and 2 are also calculated and listed in Table III
can be seen clearly from the table that the Cu-Mo poten
is able to reproduce the correct verdict predicted by
above ab initio calculation, i.e., theL12 Cu75Mo25 and
B2 Cu50Mo50 phases have the lowest total energies am
the calculated simple structures, respectively. It can also
seen that the energy sequences for the Cu75Mo25 and
Cu50Mo50 phases in different structures shown in Figs. 1 a
2 can exactly be reproduced by the present Cu-Mo poten
and that the values of the structural energy differences f
the Cu-Mo potential are also compatible with those fromab
initio calculations. In short, the Cu-Mo potential is quite re
evant to reflect the structural energy differences of
Cu75Mo25 and Cu50Mo50 phases.

We now further validate the Cu-Mo potential by perform
ing a MD simulation to calculate some physical properties
the metastable Cu25Mo75 and Cu30Mo70 phases. In the simu
lation, the bcc Cu25Mo75 solid solution model is employed
and the simulation results show that the solid solution co
retain its bcc structure upon annealing at 300 K. According
some physical properties of the Cu25Mo75 phase are calcu
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lated and listed in Table IV. One sees clearly from the ta
that the cohesive energies derived from the MD simulat
andab initio calculation match well with each other, as th
difference is only about 1.6%. Moreover, the lattice const
of the bcc Cu25Mo75 phase is deduced to be 3.13 Å, which
in excellent agreement with the value of 3.10 Å predicted
the ab initio calculation as well as with the experimental
determined value of 3.114 Å for the Cu25Mo75 alloy obtained
by ion beam sputtering.23 It should be emphasized that th
related properties of the Cu25Mo75 phase obtained by anab
initio calculation were not used in fitting the Cu-Mo cro
potential. Consequently, such good agreements amongab
initio calculation, MD simulation, and experiments cou
also lend some support to the relevance of the constru
Cu-Mo potential. A similar MD simulation is also conducte
with the bcc Cu30Mo70 solid solution model and the result
as well as some experimental observations are also liste
Table IV. The MD simulation shows that the solid solutio
could also retain a bcc structure upon annealing at 300
Interestingly, a bcc Cu30Mo70 alloy was indeed obtained b
vapor deposition,7 magnetron sputtering,22 and ion beam
sputtering.23 The lattice constant of the alloy determined b
the present MD simulation is 3.12 Å, which matches w
with the experimental value of 3.114 Å.23

C. Prediction of amorphous Cu-Mo phase formation

It is known that a MD simulation with ann-body potential
is a powerful means to study the detailed process of
crystal-to-amorphous transition at an atomistic scale and
using a solid solution model, simulation is able to determ
the critical solubility for the transition by comparing the e
ergy levels of the solid solution versus its disordered co
terpart as a function of composition.1,47 In the present study
we first perform the simulation with a Cu-rich fcc Cu-M
solid solution model to examine its stability while gradua
increasing the Mo concentration in the solid solution. T
simulation results show that when the solute concentra
equals/exceeds a critical value of 25 at. % Mo, the Cu-r
fcc solid solution becomes unstable and turns into am
phous. Figure 4 displays four sets of partial and total p
correlation functions for the Cu-rich fcc solid solutions wi
four Mo solute concentrations after annealing at 300 K
100 000 MD time steps, respectively. It can be seen from

TABLE IV. The structure, lattice constanta, and cohesive en-
ergy Ec of the metastable Cu25Mo75 and Cu30Mo70 phases derived
from calculation/simulation and experiments, respectively.

Phases Method Structurea ~Å! Ec ~eV/atom!

Cu25Mo75 Ab initio calculation bcc 3.10 5.71
MD simulation bcc 3.13 5.64
Experimental bcca,b 3.114b

Cu30Mo70 MD simulation bcc 3.12 5.35
Experimental bcca,b,c ;3.114b

aReference 22.
bReference 23.
cReference 7.
2-6
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figure that the Cu75Mo25, Cu65Mo35, and Cu50Mo50 solid
solutions all turn into amorphous states, whereas
Cu80Mo20 solid solution retains a crystalline structure. It is
interest to note that the above simulation results are in g
agreement with the previously reported experimental ob
vations. For instance, Chen and Liu reported that an am
phous alloy was obtained by ion beam mixing in t
Cu75Mo25 multilayered sample and that crystalline structu
remained in the Cu83Mo17 multilayered sample under simila
experimental conditions.29,48Such an agreement between t
present simulation results and the experimental observat
concerning the amorphous phase formation also support
argument that the constructed Cu-Mo potential is realisti

The MD simulation also reveals that the total energies
a fcc Cu75Mo25 solid solution and an amorphous Cu75Mo25
phase are23.89 and23.97 eV/atom, respectively. One se
that the fcc Cu75Mo25 solid solution should become amo
phous upon thermal annealing, as its energy is higher t
that of the amorphous counterpart, and this transition is
deed observed in the above MD simulation. Incidenta
there is another metastable crystalline Cu75Mo25 phase, i.e.,
an L12 ordered structure, predicted by the aboveab initio
calculation. Accordingly, the total energy of th
L12 Cu75Mo25 phase deduced from the MD simulation
23.81 eV/atom, which is also higher than that of the am
phous state. It is, therefore, predicted that such an en
difference may drive theL12 structure into a disordere
state. To testify the prediction, MD simulation is conduct
by using a simulation model in anL12 structure and the

FIG. 4. Partial and total pair correlation functions of the C
based solid solution after annealing at 300 K for 100 000 MD ti
steps. The Mo solute concentrations are~a! 20 at. %,~b! 25 at. %,
~c! 35 at. %, and~d! 50 at. %. The solid line is for totalg(r ), dashed
line is for Cu-Cu partialg(r ), the dotted line is for Mo-Mo partial
g(r ), and the dash-dotted line is for Cu-Mo partialg(r ).
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simulation results do confirm that theL12 structure turns into
a disordered state upon annealing at 300 K. It should
noted that the total energies described in this section
negatives of the cohesive energies shown in Tables II and
and they will be compared in Sec. III D.

D. Construction of the energy diagram of the Cu-Mo system

In the above paragraphs, we have discussed the forma
of both metastable crystalline and amorphous Cu-Mo pha
It should be pointed out that theL12 , B2, fcc, bcc, and
amorphous structures of the Cu1002xMox phase are all meta
stable states, and that the stable state of the Cu1002xMox
phase should be the corresponding mechanical mixture
(1002x)% Cu atoms plusx% Mo atoms. We, therefore
conduct MD simulations to compare the energies of
Cu-Mo phases in different states. As the first typical e
ample, the total energies of the Cu75Mo25 phase are calcu
lated and the energy sequence is:

L12 (23.80 eV/atom! → bcc solution~23.88 eV/atom!
→ fcc solution ~23.89 eV/atom!→amorphous~23.97 eV/
atom!→mechanical mixture~24.36 eV/atom!.

One sees that the metastable crystallineL12 , bcc, and fcc
structures all have higher energies than the amorphous ph
In other words, an amorphous Cu75Mo25 alloy is more likely
to be formed than the metastable crystalline phases u
suitable conditions and, as mentioned above, it was ind
obtained in the Cu75Mo25 multilayers upon ion beam
mixing.29 As another typical example, the total energies
the Cu50Mo50 phase in the different states are also calcula
through a MD simulation and a similar energy sequence
obtained as follows:

B2 ~24.52 eV/atom!→fcc solution ~24.57 eV/atom!
→bcc solution ~24.60 eV/atom!→amorphous~24.65 eV/
atom!→mechanical mixture~25.18 eV/atom!.

Moreover, we perform MD simulations to determine th
energies of the fcc and bcc Cu-Mo phases over the en
composition range as well as the energies of some am
phous phases. In comparison, the energies of the corresp
ing stable states, i.e., the mechanical mixture of pure Cu
Mo, are also calculated. Consequently, an energy diagram
the Cu1002xMox phases is obtained and shown in Fig.
Apparently, all the fcc and bcc phases have higher ener
than the mechanical mixtures, and the energies of the am
phous phases are between those of the bcc/fcc phases
mechanical mixtures when 25<x<50. Moreover, the bcc
Cu1002xMox phase has lower energy than the fcc phase w
30<x,100, while the fcc phases are more stable than
bcc phases when 0,x<25. Interestingly, there have bee
some experimental observations regarding the energy
quences of the fcc and bcc Cu-Mo phases. For instance,
and Broek found that the vapor-deposited Cu-Mo thin film
exhibited a bcc structure when 30<x,100 and had an fcc
structure when 0,x<20.7 In addition, Xiaoet al. observed
that the Cu-Mo thin films prepared by magnetron sputter
exhibited fcc and bcc structures when 0,x<20 and 40<x
,100, respectively.22 It should be pointed out that these e
perimental observations are quite consistent with the pre
simulation results, implying the calculated energy diagra

e
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determined directly by the Cu-Mo potential through a M
simulation, is of relevance, which in turn also confirms t
validation of the newly constructed Cu-Mo potential.

Incidentally, we also calculate the heats of formati
(DH f) of the metastable Cu-Mo phases over the entire co
position range. Figure 6 shows the calculated values ofDH f
versus the Mo concentration for the metastable fcc, bcc
amorphous Cu1002xMox phases, respectively. One se
clearly that the bcc structure is more likely formed than
fcc structure in a Mo concentration of 30<x,100 and the
fcc structure is energetically preferred within a concentrat
range of 0,x<25, and that an amorphous state has low
DH f than its fcc or bcc counterpart in a concentration ran
of 25<x<50. It should be noted that the sequence of
DH f for various metastable phases shown in Fig. 6 give
further description of the metastability of the Cu-Mo syste
revealed by Fig. 5, and is also in good agreement with
experimental observations reported so far in the literature7,22

IV. CONCLUSION

~1! We have shown that combining the first-principles c
culation and MD simulation with a proven realisticn-body
potential is a feasible approach to study the metastability
the highly immiscible Cu-Mo system.

~2! An ab initio calculation is able to predict the struc
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