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Metastability of an immiscible Cu-Mo system calculated from first-principles
and a derived n-body potential
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An ab initio calculation is performed to predict the structures, lattice constants, and cohesive energies of the
metastable CgMo,5, CusgMosy, and CysMo,5 phases. With the aid of aab initio calculation, am-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 a bcc structure when 36x<100 and had an fcc structure
when 0<x=20. They also observed that the electrical resis-
During the past decades, a number of metastable alloysvity of Cu-Mo alloys increased with the alloy concentration
were produced by various nonequilibrium techniques, suclivhen 0<x<50 and decreased when$8=<100. Very re-
as mechanical alloying, vapor quenching, ion beam mixingcently, Djemiaet al. found that the elastic constants of the
etc., in many equilibrium immiscible binary metallic sys- ion-beam-sputtered Cu-Mo alloy films laid between those of
tems, which, in many cases, have no any equilibrium alloypure Cu and Mo, and that a hardening of approximately 22%
phase-? For instance, metastable fcc and bcc Cu-Fe solicbf elastic constants occurred for the Mo, alloy films
solutions were both obtained by vapor deposition andhfter annealing at 760 K Moreover, Yang and Rockett re-
showed different magnetic propertiédetastable Cu-Cr and ported that metastable solid solutions of Cu in Mo containing
Cu-Nb alloys were found to possess a high strength and approximately 30 at. % Cu could provide a significantly en-
high electrical conductivity, and were possible candidates ithanced adhesion to the CulnSsubstrate, resulting in im-
electrical devices and high-field magnets, respectitehs proving the uniformity as well as the performance of the
a result, the prospective applications of the metastable alloyshotovoltaic device$.Considering the above background,
have raised much interest for theoretical investigations conthe immiscible Cu-Mo system is thus selected as a model
cerning the metastability of the equilibrium immiscible sys-system for the present study. To the authors’ knowledge,
tems. In this respect, Mieden&t al. developed, in the mid there is no realistio-body potential orab initio calculation
1970s, a semiempirical thermodynamic model to predict theeported for the Cu-Mo system in the literature. With regard
metastable alloy phase formation in a semiquantitativeo the construction of an-body Cu-Mo potential, it should
manner: Later, based on Miedemat al’s model, Alonso  be noted that in the equilibrium immiscible Cu-Mo system,
et al. developed a semiempirical method to calculate the freghere is no equilibrium compound which could provide some
energy diagram of the binary metallic systems for underphysical data for fitting the Cu-Mo cross potential. In this
standing the metastable alloy phase formafidteanwhile,  respect, Luzzet al, in the early 1990s, proposed to perform
two other powerful means have been employed to study than ab initio calculation for obtaining some physical proper-
metastability of binary metallic systems, i.e., a molecularties of the metastable GBi alloy and the calculated data
dynamics(MD) simulation for revealing the physical mecha- were used in constructing a Finnis-Sinclair Cu-Bi
nism at an atomistic scale and a first-principles calculatiorpotential*>*#Later, Sieglet al.also used this Cu-Bi potential
for a theoretical modeling at a depth of the electronic structio study atomic structures of the grain boundaries in some
ture of solids. The present work proposes a comprehensiv@u-Bi alloys!® In the present study, we adopt the same ap-
method for studying the metastability of an equilibrium im- proach to construct ambody Cu-Mo potential. Accordingly,
miscible binary metallic system by combining ab initio  we first performab initio calculation to predict the struc-
calculation and a MD simulation based on a realistisody  tures, lattice constants, and cohesive energies of the possible
potential. metastable CgMo,s, CugMosy, and CysMo,s phases.
Among the immiscible binary metallic systems, the Some of theab initio calculated properties, i.e., the proper-
Cu-Mo system, characterized by a large positive heat of forties of theL1, Cu;sM0,5 andB2 CusgMosg phases, are then
mation (AH;= + 28 kJ/mol} has drawn much attention in employed to derive the Cu-Mo cross potential, thus con-
recent decades*? For example, in 1985, Dirks and Broek structing am-body Cu-Mo potential under the framework of
found that vapor-deposited G4 Mo, thin films exhibited an embedded-atom method. Based on the proven realistic
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Cu-Mo potential, a MD simulation is conducted to predict B. Molecular dynamics simulation

the formation of metastable Cu-Mo phases in either crystal- A molecular dynamics simulation is carried out with a
line or amorphous structures as well as to determine the heags, irinello-Rahman constant pressure scheme and the equa-
of formation of the metastable Cu-Mo phases of the systemjong of motion are solved through a fourth-order predictor-

corrector algorithm of Gear with a time step o&5

Il. THEORETICAL AND CHARACTERIZATION X 10 % s.2% In the present study, two kinds of simulation
METHODS models are employed for all the Cu-Mo phases, i.e., an fcc
A. Ab initio calculation solid solution model, which consists ofX77 X 7X4=1372

) o . ) atoms, and a bcc solid solution model, which contains 8

The first-principles calculation is based on the well- g gx 2=1024 atoms. In all the above simulation models,
estat_)llshed Viennab |n|t|_o simulation packag_é. The_: cal- the [100], [010], and[001] atomic crystal directions are par-
culations are conducted in a plane-wave basis, using nonl%me| to the x, y, and z axes, respectively, and periodic
cal Vanderbilt-type ultrasoft pseudopotentials to describe thg,ngary conditions are adopted in three dimensions. In the
electron-ion interactioh’ which allows the use of a moder- fc¢ (heq'solid solution models, to obtain a specific chemical
ate cutoff for the construction of the plane-wave basis for th%toichiometry of a Cu-Mo alloy phase, a desired number of
transition metals. In the calculations, the exchange and cog,, (Mo) atoms are random Substituted’ by N@u) atoms in

relation items are described by the generalized-gradienp,e models. The models are then run at 300 K for adequate
approximation of Perdew and War§The integration in the MD time steps(usually 100000 MD time stepgo reach a

Brillouin zone is done on specillpoints determined accord- state, at which the main dynamic parameters, such as the

ing to the Monkhorst-Pack scheﬁ?e. total energy of the model, the volume per atom, etc., do not
_In the presenab initio calculations, we only choose some g\ any secular variation, i.e., the variations of the param-
simple structures for the possible metastable;s¥0ys,  giers are less than 0.1% during 1000 MD time steps.
CusMosg, and CysMozs phases, based on the following  The process of the structural phase transition is monitored
considerations. First, for a compllcatgd structure, such By the projections of the atomic positions, the planar struc-
D0z, DOy, L1,, etc. Its unit cell contains more atoms than yre factorS(k), the pair-correlation functiog(r), and the
simple structures and .frequer?tly requires large CO_mF_’“t"?‘t'On%lensity profiles of each species along theirection p,(z).
resources, which are impractical because of the limitation ofp, 4 planar structure fact@(k) is a Fourier transformation
the calculation capability at present. Second, experimentafs the density to characterize the long-range order in the
results signify that the metastable alloy phases are, in manyirection of any vectok, which is a vector of the reciprocal
cases, of simple structures, such as fcc, bee, and hep strugpa e jattice. Accordingly, the planar structure facerl
tures, rather than complicated ones. The experimental resulf fers to an entirely ordered crystal, wh8e- 0 is for a com-

seem to suggest th‘.'"t a un@t cell with a Iar_ger size pfoba!b' letely disordered stafé.In the present study, we choose
requires a larger critical radius and longer time for nucleatio (k,Z), as a specific representative 8fk), to reflect the

der th icted Kineti giti iable in th dstructural phase transition in each crystallographic plane par-
under the restricted kinetic conditions available In the NN+ 0| 14 thex-y plane. It should be pointed out that the other

equilibrium pr_oducing processes, such as ion beam miXingclirections, such as theor y axis, could also be selected as a
vapor deposition, etc. The following fact may lend some Sup'representative dB(k), and that the structural change in each

port to this argument, l.€., ion irradiation of thesjilos, direction is reflected by the pair-correlation function in the
multilayers resulted in the formation of a metastable hexagobresent study. As one of the main criteria to determine an

nal phase, instead of the most stable eqwllbnﬂrphaseg, amorphous structure, the pair-correlation functigfr) is

commonly used to identify the structure of a block material
by sampling the atoms involved in the blotkThe density

Wl.h”et tge 5(§)ha§e hgs lzﬁenhchabr_act?nz?d to bt?] gGVt?try Cor.Erofile p.(2) is calculated to define the position of a single
plicated anc ordered orthorhomolic Sructure wi atoms IMytomic layer, indicating the local structural and composi-

a unit cell?* The structural complexity of the phase is ona) broperties of the modefs.
believed to be the major factor that prevents its formation
under an extremely restricted kinetic condition available in
the ion irradiation proces®.Besides, experimental observa- Il. RESULTS AND DISCUSSION
tions signify that the metastable Cu-Mo phases formed so far o _
in the literature are of simple structures, such as bcc and fce, A Prediction of metastable crystalline Cu-Mo phase
rather than complicated on&$%-12:22:23 formation

In particular, the CgtMo-5 phase was found to have abcc  An ab initio calculation is performed to predict the struc-
structure in experiment$:?® However, there is no such tures, lattice constants, and cohesive energies of some meta-
atomic configuration corresponding to the bcc structure oftable crystalline phases in the Cu-Mo system. In the present
the AB; phase in the list of the ordered structures. Consestudy, only three chemical stoichiometries of /60,
guently, in the presenab initio calculation, we adopt the CusgMo5y, and CysMo,5 are calculated due to the restric-
ordered configuration of the bcc structure proposed by Shion of the currently available calculation method. As men-
et al?* for the bcc CysMo-5 phase, and its unit cell is set to tioned above, only simple structures are selected for the cal-
contain four atoms. culation, i.e., theA15,D0y, L1,, andL6, structures for the
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FIG. 1. Theab initio calculated total energy vs average atomic
volume for the metastable crystalline £Mo,5 phase in different

structures.

Cu;sMo,s phase, th81, B2, B3, andB17 structures for the
CusgMosgq phase, and the bcB0g, L1,, andL6g structures
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FIG. 3. Theab initio calculated total energy vs average atomic
volume for the metastable crystalline £Mo,5 phase in different
structures.

From the above calculation results, the heats of formation
(AHj) of theL1, Cu;sMo,5 phase, thd2 CusgMosy phase,

for the CysMos5 phase. Accordingly, the correlation be- and the bcc CigMo,5 phase are derived to be 47.0, 48.7, and
tween the total energy and average atomic volume for th@7.3 kJ/mol, respectively. It is noted that théd; of these

metastable crystalline GgMo,5, CusgMos,, and CysMo;g

metastable crystalline Cu-Mo phases are all large positive

phases in different simple structures are obtained and showralues, implying that to obtain these metastable crystalline
in Figs. 1, 2, and 3, respectively. One sees from the figure€u-Mo phases, nonequilibrium or even far-from-equilibrium

that the metastable crystalline &Mo,s phase in anL1,
structure, the metastable crystallinesgvios, phase in B2
structure, and the metastable crystallineMo-5 phase in a

materials processing techniques are probably necessary to
supply the required positive heats of formation.
It is of interest to testify the above prediction from thle

bce structure have, respectively, the lowest total energynitio calculation by comparing the predicted results with
among the four calculated structures and therefore are presome experimental results observed in the Cu-Mo system. In
dicted to likely be formed under appropriate conditions. Cor-fact, some metastable crystalline Cu-Mo phases were indeed

respondingly, the lattice constants of thel, Cu;sMo,g
phase, tha82 Cu,yMos, phase, and the bce giMo,s phase

obtained in experiments by some highly energetic nonequi-
librium materials processing technique:?2232°For in-

are calculated to be 3.77, 3.03, and 3.10 A, respectively, angtance, a fcc CuMo,s phase, a bcc GgMos, phase, and a
their cohesive energies are calculated to be 3.87, 4.67, anstc CyMo- phase were obtained by vapor depositidan

5.71 eV/atom, respectively.
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FIG. 2. Theab initio calculated total energy vs average atomic
volume for the metastable crystalline {gMos, phase in different

structures.
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beam mixing?® magnetron sputtering;??> and ion beam
sputtering? Moreover, the lattice constants of the fcc
Cu;sMo,s phase, the bcc GpMosy phase, and the bcc
Cuw,sMo,5 phase determined by diffraction analysis in experi-
ments are about 3.68 R 3.05 A?2 and 3.114 A2 respec-
tively. Apparently, these experimentally determined lattice
constants are in good agreement with the values of 3.77,
3.03, and 3.10 A, respectively, predicted by the ababe
initio calculations, as their differences are less than 2.4%. It
should be pointed out that such an agreement is excellent, as
a measuring error in diffraction analysis could generally be
about 3%. In short, the abowab initio calculation is a rel-
evant and satisfactory approach for predicting the formation
of metastable crystalline phases in the immiscible Cu-Mo
system.

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

In the present study, we also attempt to investigate the
possibility of the metastable Cu-Mo alloy formation through
a MD simulation, which has less restriction on the studied
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TABLE |. Fitted parameters for the Cu-Cu, Mo-Mo, and Cu-Mo potentials. The three constants,
andr., are also listed.

Cu-Cu Mo-Mo Cu-Mo
X 11.134231 % 7.528924 A 0.393400
a (eV) 0.725977 ko (eV) —0.414269
B 3.457434 k, (eV) —1.654422 B (A) 0.083531
ra (A) 1.6293656 k, (eV) 11.124200
F, (eV) 0.676073 ks (V) 1.712414 cC®A) 0.085263
rs (A) 3.7 rs (A) 3.2
re (A) 4.4 re (RA) 4.2
n 0.333333 n 0.57

chemical stoichiometry thamb initio calculation, yet re- whereE, is the total energy-(p) is the embedding energy,
quires a realistim-body potential constructed prior to the p; is the total electron density at atoidue to all other
simulation. In deriving the-body Cu-Mo potential, we em- atoms,(r;) is the pair potential between atonandj, and
ploy the embedded-atom methdBAM), which was pro-  f(r;) is the electron density for atoincontributed by atom
posed by Daw and Baskes in 1983 and is based on a density |n Eq. (2), Fy, p., andn are three constants,=E,
function theory suitable for metaf§. The method was later _£f 0 which E. andE' are the cohesive energy and va-
successfully developed by Johnson and Oh as well as C%' v ¢ Y

i . .
) ) ancy formation energy, respectively. The parampterep-

a_n_d Ye o despnbe_ the bulk and defect propert|ezs of the tranr’esents the host electron density at an equilibrium state. For

sition metals in either an fcc or bee structdteé? For the

Cu-Mo system, we adopt the basic function forms of thethe Cu-Cu potential-; is an adjustable parameter; while for

Cu-Cu and Mo-Mo EAM potential®’®? but with some the Mo-Mo potential F, equals 0. In Eq(4), r. is an equi-
modifications proposed by the present authors. First, the derj,g'—b”u.m erl;—nﬁ:ghbolrtq|stal$ce&raif¢@éls}g scarl]mg Sqtorﬂ::ie-
sity function form of Mo-Mo is set to be the same as that of ermined by the relaionship dle=E. /22, whereflis the
Cu-Cu and it takes a form different from that used in the&emic volume. In the above equations, there are totally five

original work3! Second, we adopt a cutoff function proposed parameters;(,_a,,@,ra ,F1) 10 be fitted for the Cu-Qu poten-
by Guellil and Adams? and the cutoff distances {,r.) are tial and also five parameters (o.ki.kz,ks) to be fitted for

between the second- and third-neighbor distances, Whereflge Mo_-Mo potgr_ltial. .
the cutoff distance was previously set mag=1.6%,.% It Having specified the function forms &(p), f(r), and

should be pointed out that the proposed modifications coul (rz:’ WI\?I n;)/lw turn to (?e'szqribe the fitting _procesic, of tlhe
improve the precision of the potentials, which will be dis- u-Cu (Mo-Mo) potential. First, some experimental results

cussed later. Accordingly, the EAM forms of the Cu-Cu ando.f pure metal CuMo), i.e., the Iattice_ constar, the cohe-
Mo-Mo potentials are expressed as follows: sive energyE., as well as the elastic constar@s;, C;,,
andC,,, are used as input physical data for fitting. Second,

1 the three constants, i.e, rg, andr., are set a value, re-
Eiot= 2 Fi(pi)+ > E &ij(rij), (1)  spectively, as follows: the exponentialto our experience, is
! L set to be around 0.5; the cutoff distanaesandr ., are set to
be between the second- and third-neighbor distances, and the
P value ofr. should be a little greater than that of. The
—) , (2 above five potential parameters are then determined by mini-
Pe mizing the root-square deviation between the calculated and
experimental data. After each fitting the energy curve of Cu
pi= 2 £(ri) 3) (Mo) are checked and should be similar to that derived from
"= o the equation of state of Ros¢ al>* Finally, the values of the
three constantsy, rg, andr., are changed slightly for a
_ _ _ number of times, in order to find a group of optimized pa-
fn=feexd —x(r/re= 1], @ rameters, corresponding to the optimized fitting results. After
the above fitting procedure and optimization, Table | lists the
beur)=—a[l+p(rira=D]exg —B(r/ra=1)], ) gptained potential parameters as well as the above three con-
stants and Table Il shows the comparison between some
D(r)=Ko+Ky(r/re=1)+ky(r/re—1)>2 physical properties reproduced by the potentials and the ex-
+Ka(r/re—1)3, re<r<frq, Eﬂeri:\nﬂental va]ules Ius;ed ti)nitially 1;0r fit_tringI tr:le hCu—ﬁu ff':mc(ij
, 0-Mo potentials. It can be seen from Table Il that the fitte
D' (1) =P (1) +k[(P(r) = D(re))(r/re=1)%, Cu-Cu potential shows a better description of pure Cu than
r<re, that of the original potentiaf and the fitted Mo-Mo potential
(6) gives the better results in reproducing some physical proper-

(i#])

ool 22

+F
Pe Pe !

Pmolr)=
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TABLE II. The values of cohesive enerdy,, lattice constant, bulk modulus, elastic constants, and
vacancy formation energi,fj of Cu and Mo between calculated and experimental data.

Cu Mo

Experimental Caetal. This work  Experimental Leetal.  This work

E. (eV/atom 3.54 352 3.54 3.81 6.81
a(h) 3.61% 3.615 3.615 3.18 3.15
Cy; (Mbar) 1.7¢° 1.68 1.70 4.64% 4.649' 4.647
C1> (Mbar) 1.22% 1.26% 1.225 1.618 1.659' 1.615
Caa (Mbar) 0.758 0.752 0.758 1.089 1.088' 1.089
Ef (ev) 1.3¢ 1.3 1.30 2.89 3.09" 2.85
3Reference 35. ®Reference 32.

bReference 36. Reference 39.

‘Reference 37. 9Reference 40.

dReference 38. PReference 41.

ties of pure Mo than that obtained by Leéal. employing isfactory description for some metastable crystalline phases
the second nearest-neighbor modified EAM poteftial. in the equilibrium immiscible Cu-Mo system.

The Cu-Mo cross potential takes the basic form adopted We now turn to validate the newly constructed Cu-Mo
by Chenet al,*? yet with some modifications proposed by potential. First, we use both ab initio calculation and the
the present authors, i.e., the substitution of the variable (Cu-Mo potential to derive some elastic constantsLdf,
=a+bx) and the adoption of an assumptiob={d="f). CuwgMo,s and B2 CugMosgg phases, and these values from
Consequently, seven potential parameters in the originalvo different methods are compared. Second, the energies of
form are reduced into three and the function form is simpli-the CygMo,5 and CygMos, phases in other possible simple
fied into structures are also calculated from the Cu-Mo potential, re-

spectively, and are compared with those fraiminitio cal-
deumdT) =Al pey(r +B)+ dpo(r +C)1, (7)  culations. Third, MD simulations using the Cu-Mo potential
are conducted to derive some physical properties of the

wherer is the distance between Cu and Mo atoMsB, and  metastable bcc GgMo,s and CugMo,, phases, and the de-
C are three potential parameters to be fitted. Apparently, the

above modifications do not change the physical meaning of
the original function form. We now present the fitting pro-
cess of the Cu-Mo cross potential. First, the above fitte tableL1, Cu;Mo,s and B2 CusgMos, phasesAE,, AE,, and
parameters of th_e C;u_—Cu and Mo-Mo potentials are _used 88E, are the energy differences of the /U0, phase in the 6,
input constants in fitting of the Cu-Mo cross potential. AS a15 andDo, structures, with respect to it in thel, structure,
there is no any equilibrium alloy phase in the immiscible respectivelyAE,, AE5, andAE are the energy differences of the

Cu-Mo system, we use the aboab initio calculated lattice  cy,Mog, phase in theB1, B3, andB17 structures, with respect to
constants and cohesive energies ofltig Cu;sMo,5 andB2 it in the B2 structure, respectively.

CuspMogy phases for  fitting the Cu-Mo cross
potential*144344The above three potential parameters are ClygMOys CuggMos,
then determined by minimizing the root-square deviation be-
tweenab initio calculated data and those from the Cu-Mo
potential. Finally, the energy curves of the £Mo,5 and
CusgMosg, phases are also checked in comparison with thosg (A) 3.77 3.73 3.03 3.04
from the equation of state of Ros# al** Accordingly, the  g_(ev/atom 3.87 3.81 467 4.52
fitted parameters are obtained and also listed in Table I. The

TABLE IIl. Comparison of some physical properties derived
rom ab initio calculation and the Cu-Mo potential for the meta-

Ab initio Cu-Mo  Ab initio Cu-Mo
calculation potential calculation potential

fitted results as well as the original fitting data fraim initio B (Mbar) 1.62 1.42 2.02 2.09
calculation are all displayed in Table Ill. One sees clearlyC11 (Mba 1.675 1.453 0.747 0.653
from Table Il that the fitted lattice constants of thegMo,5 ~ Ci2 (Mbar) 1.596 1.418 2.660 2.809
and CugMos, phases are 3.73 and 3.04 A, respectively,Cas (Mbar) 0.327 0.367 1.355 1.073
which are in good agreement with the values of 3.77 and\E; (eV/atom 0.02 0.01

3.03 A acquired fromab initio calculations, and that the AE, (eV/atom 0.08 0.14

fitted cohesive energies of the {&Mo,s and CygMosg — AE; (eV/atom 1.48 0.96

phases are 3.81 and 4.52 eV/atom, respectively, which argg, (ev/atom 0.62 0.66
also compatible with thab initio calculated values of 3.87 AE; (eV/atom 0.81 1.11
and 4.67 eV/atom, as their differences are less than 3.3%. IRE, (eV/atom 1.29 1.32

short, the Cu-Mo cross potential works quite well for a sat
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rived data are compared with those fram initio calculation TABLE IV. The structure, lattice constam, and cohesive en-
and experiments. Finally, the ultimate and important valida£rgy E. of the metastable GgMo,s and CugMoy, phases derived
tion of the Cu-Mo potential is to compare the metastabilityfrom calculation/simulation and experiments, respectively.
revealed by the present potential and the experimental obser=
vations reported so far, and the good agreements betweerfNases Method Structurea (A)  E. (eV/atom
them will be shown in Secs. IlIC and HlI D. Cu,sMoys Ab initio calculation  bce 3.10 571
Applying the method proposed by Meét al,*® we per-

) . - . MD simulation bcc 3.13 5.64
form anab initio calculation to derive the elastic constants of Experimental bcb 3114
L1, CwsMo,s and B2 CugMos, phases. The main idea is
presented as follows: we apply small strains to the equilibCusMo;, MD simulation bce 3.12 5.35
rium lattice, determine the resulting change in the total en- Experimental bctPc ~3.114

ergy, and from this information, then deduce the elastic con
stants through fittind® In addition, using the present Cu-Mo :Reference 22.
potential, we also calculate the elastic constantsLaf CReference 23.
Cu,sMo,5 andB2 CusgMos, phases under the expressions of reference 7.

the elastic constants proposed by Chantasiriwan an

S et 46 : Iy %ted and listed in Table IV. One sees clearly from the table
Milstein. ™ Accordingly, the calculated results froab initio that the cohesive energies derived from the MD simulation

calculation and the derived Cu-Mo potential are listed in dab init lculati tch well with h oth th
Table Ill. Generally speaking, the calculated results from twoRndab initio caiculation match well with each otner, as the

methods are in reasonable agreement with each other FgFference is only about 1.6%. Moreover, the lattice constant
instance, one sees that the shear modullig, of the of the bce CygMo45 phase is deduced to be 3.13 A, which is

L1, Cu,cMoys phase derived from the Cu-Mo potential is in excellent agreement with the value of 3.10 A predicted by
0 3267 V\?hicﬁsis in good agreement with the value of 0 3o7he ab initio calculation as well as with the experimentally
calculated fromab initio calculations, and that the bulk detgrmmed value of 3.114Afor the 6sv075 aIIo'y obtained
modulus,B, of the B2 CtsgMos, phase from the Cu-Mo po- by ion beam s_putterln@". It should be empha}saed that the
tential is 2.09, which matches well with tkab initio calcu- _rellgted properties of the GyMors Pha.s‘? obtained by amb
lated value of 2.02. It is noticed that for other elastic con-"4° calculation were not used in fitting the Cu-Mo cross

stants, there are some differences between the values fropt?tent'al' Consequently, such good agreements anaing

the derived potential anab initio calculations, implying that mlltlolcatljculatlon, MD ilrtnu!{ﬁtlon,l and expirtlfrqnents Cj{OUI? q
an empirical potential may not be perfect in some aspects.aSO end some support to the relévance of the constructe

Meanwhile, we use the Cu-Mo potential to calculate theCU-Mo potential. A similar MD simulation is also conducted

minimum total energies of the GiMos phase irD0gy, A15 with the bcc CygMo- solid solution model and the results
andL6, structures, respectively anfjs of the Mo g,phas;a as well as some experimental observations are also listed in
in B1 %3 andBl7, structures réspectively The Seonergy dif- Table 1IV. The MD simulation shows that the solid solution

ferences of these values with respect to the minimum tota]r?tzlgsa,:!flol ret;ugcg bci/.f,tm;ﬂ%reVt,’gg?nﬁggﬁaggfaiﬁtegobo K.
energies ofL1, CuwsMo,5 and B2 CusgMos, phases respec- gy, CigMoy, alloy y

tively, are shown in Table lll. In comparison, the structural vapor .dep3OS't'Oﬁ’ magnetron sputterinff, and ion k_)eam
energy differences taken at the minima of the energy curve puttering® The Iaj[t|ce constant of tr}‘\e allqy determined by
in Figs. 1 and 2 are also calculated and listed in Table IlI. It e present MD simulation is 3.12 A, which matches well

can be seen clearly from the table that the Cu-Mo potentia‘f\’Ith the experimental value of 3.114 .
is able to reproduce the correct verdict predicted by the
above ab initio calculation, i.e., theL1, CugMo,5 and
B2 CwgMosg, phases have the lowest total energies among It is known that a MD simulation with an-body potential
the calculated simple structures, respectively. It can also b a powerful means to study the detailed process of the
seen that the energy sequences for the;s@a,; and  crystal-to-amorphous transition at an atomistic scale and that
CuggMosg phases in different structures shown in Figs. 1 andusing a solid solution model, simulation is able to determine
2 can exactly be reproduced by the present Cu-Mo potentiathe critical solubility for the transition by comparing the en-
and that the values of the structural energy differences fronergy levels of the solid solution versus its disordered coun-
the Cu-Mo potential are also compatible with those fralm terpart as a function of compositidf! In the present study,
initio calculations. In short, the Cu-Mo potential is quite rel- we first perform the simulation with a Cu-rich fcc Cu-Mo
evant to reflect the structural energy differences of thesolid solution model to examine its stability while gradually
Cu;sMo,5 and CygMosg phases. increasing the Mo concentration in the solid solution. The
We now further validate the Cu-Mo potential by perform- simulation results show that when the solute concentration
ing a MD simulation to calculate some physical properties ofequals/exceeds a critical value of 25 at. % Mo, the Cu-rich
the metastable GgMo,5 and CugMo, phases. In the simu- fcc solid solution becomes unstable and turns into amor-
lation, the bcc CpsMo,5 solid solution model is employed phous. Figure 4 displays four sets of partial and total pair-
and the simulation results show that the solid solution coulcorrelation functions for the Cu-rich fcc solid solutions with
retain its bcc structure upon annealing at 300 K. Accordinglyfour Mo solute concentrations after annealing at 300 K for
some physical properties of the £Mo,5 phase are calcu- 100000 MD time steps, respectively. It can be seen from the

C. Prediction of amorphous Cu-Mo phase formation
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simulation results do confirm that thel , structure turns into

a disordered state upon annealing at 300 K. It should be
noted that the total energies described in this section are
negatives of the cohesive energies shown in Tables Il and 11,
and they will be compared in Sec. IlID.

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

In the above paragraphs, we have discussed the formation
of both metastable crystalline and amorphous Cu-Mo phases.
It should be pointed out that thel,, B2, fcc, bce, and
amorphous structures of the gy Mo, phase are all meta-
stable states, and that the stable state of thg,CuMo,
phase should be the corresponding mechanical mixture of
(100-x)% Cu atoms plux% Mo atoms. We, therefore,
conduct MD simulations to compare the energies of the
Cu-Mo phases in different states. As the first typical ex-
ample, the total energies of the $£Mo,5 phase are calcu-
lated and the energy sequence is:

L1, (—3.80eV/atom) — bcc solution(—3.88 eV/atom
— fcc solution (—3.89 eV/atomr—amorphous(—3.97 eV/
atom—mechanical mixturé—4.36 eV/aton.

One sees that the metastable crystallidg, bcc, and fcc

FIG. 4. Partial and total pair correlation functions of the Cu- structures all have higher energies than the amorphous phase.
based solid solution after annealing at 300 K for 100 000 MD timeln other words, an amorphous &Mo,s alloy is more likely
steps. The Mo solute concentrations &ie20 at. %,(b) 25 at. %, to be formed than the metastable crystalline phases upon
(c) 35 at. %, andd) 50 at. %. The solid line is for totg(r), dashed  suitable conditions and, as mentioned above, it was indeed
line is for Cu-Cu partia(r), the dotted line is for Mo-Mo partial gptained in the CuMo,s multilayers upon ion beam
g(r), and the dash-dotted line is for Cu-Mo partigr). mixing.?° As another typical example, the total energies of

the CygMosg phase in the different states are also calculated
figure that the CMo,5, CugsMOss, and CugMosy solid through a MD simulation and a similar energy sequence is
solutions all turn into amorphous states, whereas theptained as follows:
CuggMo, solid solution retains a crystalline structure. Itisof B2 (—-4.52 eV/atom—fcc solution (—4.57 eV/atom
interest to note that the above simulation results are in good,phcc solution(—4.60 eV/atom—amorphous(—4.65 eV/
agreement with the previously reported experimental obserzton)—mechanical mixturé—5.18 eV/aton
vations. For instance, Chen and Liu reported that an amor- Moreover, we perform MD simulations to determine the
phous alloy was obtained by ion beam mixing in theenergies of the fcc and bcc Cu-Mo phases over the entire
CusMoys multilayered sample and that crystalline structurescomposition range as well as the energies of some amor-
remained in the GyMo,; multilayered sample under similar phous phases. In comparison, the energies of the correspond-
experimental condition®*® Such an agreement between theing stable states, i.e., the mechanical mixture of pure Cu and
present simulation results and the experimental observatiorido, are also calculated. Consequently, an energy diagram for
concerning the amorphous phase formation also supports tlee Cuyge Mo, phases is obtained and shown in Fig. 5.
argument that the constructed Cu-Mo potential is realistic. Apparently, all the fcc and bcc phases have higher energies

The MD simulation also reveals that the total energies othan the mechanical mixtures, and the energies of the amor-
a fcc CysMo,s solid solution and an amorphous Mo,s  phous phases are between those of the bcc/fcc phases and
phase are-3.89 and—3.97 eV/atom, respectively. One sees mechanical mixtures when 25=<»50. Moreover, the bcc
that the fcc CwMo,5 solid solution should become amor- Cugq-yMo, phase has lower energy than the fcc phase when
phous upon thermal annealing, as its energy is higher thaB0<x<100, while the fcc phases are more stable than the
that of the amorphous counterpart, and this transition is inbcc phases when<0x<25. Interestingly, there have been
deed observed in the above MD simulation. Incidentally,some experimental observations regarding the energy se-
there is another metastable crystalline;§Mb,5 phase, i.e., quences of the fcc and bcc Cu-Mo phases. For instance, Dirk
an L1, ordered structure, predicted by the ab@ initio  and Broek found that the vapor-deposited Cu-Mo thin films
calculation. Accordingly, the total energy of the exhibited a bcc structure when 8&< 100 and had an fcc
L1, CusMo,s phase deduced from the MD simulation is structure when 6:x<20." In addition, Xiaoet al. observed
—3.81 eV/atom, which is also higher than that of the amorthat the Cu-Mo thin films prepared by magnetron sputtering
phous state. It is, therefore, predicted that such an energgxhibited fcc and bcc structures wher<@<20 and 46<x
difference may drive theL1, structure into a disordered <100, respectivel§? It should be pointed out that these ex-
state. To testify the prediction, MD simulation is conductedperimental observations are quite consistent with the present
by using a simulation model in ahl, structure and the simulation results, implying the calculated energy diagram,

g(r)

4 (c)
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FIG. 5. The calculated results of the total energy vs the Mo FIG. 6. The MD simulation results of the heat of formation
compositions for the Cu-Mo phases in different structures. (AHy) vs the Mo compositions for the metastable fcc, bcc, and
amorphous Cu-Mo phases, respectively.
determined directly by the Cu-Mo potential through a MD . . .
simulation, is of relevance, which in turn also confirms thelures, Igttlce constants, and cohesive energies of metastable
validation of the newly constructed Cu-Mo potential. cryst.alhne ClisMo,s, CusgMoso, and CyMoys phases. The
Incidentally, we also calculate the heats of formationpred'Cted structures and lattice constants are in good agree-
(AH;) of the n’1etastable Cu-Mo phases over the entire comment with the experimental observations reported so far in
position range. Figure 6 shows the calculated valuestof the literature. - I .
versus the Mo concentration for the metastable fcc, bcc and (3) Through fitting to somab_ Initio calculated properties,
amorphous Cyg (Mo, phases, respectively. One sees,‘[pJln EAM S'bOdy Cu—MohpoFenItlaI IS cot_nstruc;tetﬂ and I'[S atblgl
clearly that the bcc structure is more likely formed than theQ fEProduce some pnysical properties of theé metastable

fce structure in a Mo concentration of 3x< 100 and the Cu-Mo phases, as well as to reflect the metastability of the

. . L . Cu-Mo system.
fce structure is energetically preferred within a concentration (4) Applying the derived Cu-Mo potential, a MD simula-

range of 0<x<25, and that an amorphous state has lower. . - -

. . . tion reveals that 25 at. % Mo is the critical composition to
AH; than its fcc or bcc counterpart in a concentration range < wor the crvstal-to-amorphous transition in the Cu-rich
of 25=x=<50. It should be noted that the sequence of the 99 Y P

AH; for various metastable phases shown in Fig. 6 gives aCu—Mo solid solutions.
! P 9.9 (5) The MD simulation is also able to determine the heats

further description of the metastability of the Cu-Mo system : . i
revealed by Fig. 5, and is also in good agreement with thénc formation of the metastable Gd4- Moy phases in various

experimental observations reported so far in the literatéfe. po§S|bIe structures, thus obtaining an energy diagram, fr_qm
which an energetically preferred structure at a specific

stoichiometry can be predicted.
IV. CONCLUSION

(1) We have shown that combining the first-principles cal- ACKNOWLEDGMENTS

culation and MD simulation with a proven realistiebody The authors are grateful to the financial support from the
potential is a feasible approach to study the metastability oNational Natural Science Foundation of China, The Ministry

the highly immiscible Cu-Mo system. of Science and Technology of Chit@20000672, as well as
(2) An ab initio calculation is able to predict the struc- from Tsinghua University.

* Author to whom correspondence should be addressed. Also aPT. E. Mitchell, Y. C. Lu, A. J. Griffin Jr., M. Nastasi, and H.
State Key Laboratory of Solid-State Microstructures, Nanjing Kung, J. Am. Ceram. So®&0, 1673(1997.
University, Nanjing 210008, China. Electronic mail: dmslbx ©J. A. Alonso, L. J. Gallego, and J. A. Simozar, Nuovo Cimento

@tsinghua.edu.cn 12, 587(1990.

1B. X. Liu, W. S. Lai, and Q. Zhang, Mater. Sci. Eng., B9, 1 “A. G. Dirks and J. J. Van den Broek, J. Vac. Sci. TechnoB,A
(2000. 2618(1985.

2F. R. deBoer, R. Boom, W. C. M. Mattens, A. R. Miedema, and A. 8P. Djemia, F. Ganot, P. Moch, V. Branger, and P. Goudeau, J.
K. NiessenCohesion in Metals: Transition Metal AlloyBlorth- Appl. Phys.90, 756 (2001).
Holland, Amsterdam, 1989 9L.-Chung Yang and A. Rockett, J. Appl. Phy5, 1185(1994).

3E. F. Kneller, J. Appl. Phys35, 2210(1964. 103, P. Chu and T. N. Lin, J. Appl. Phy85, 6462(1999.

4M. J. Tenwick and H. A. Davies, Mater. Sci. Er@g, 543(1988. G, Ramanath, H. Z. Xiao, L. C. Yang, A. Rockett, and L. H.

024202-8



METASTABILITY OF AN IMMISCIBLE Cu-Mo SYSTEM. .. PHYSICAL REVIEW B 69, 024202 (2004

Allen, J. Appl. Phys78, 2435(1995. 29y, G. Chen and B. X. Liu, J. Appl. Phy82, 3815(1997.
120, Alvarez-Fregoso, S. lpez, J. A. Ju@z-Islas, M. Gara, E.  *°M. S. Daw and I. Baskes, Phys. Rev. L&#f, 1285(1983.
Martiinez, M. A. Alvarez-Peez, J. Ch. Rafmez, and S. Grana- 3!R. A. Johnson and D. J. Oh, J. Mater. R&s1195(1989.

dos, Phys. Status Solidi B20, 575(2000. 823, Ccai and Y. Y. Ye, Phys. Rev. B4, 8398(1997.
18p. E. Luzzi, M. Yan, M. ®b, and V. Vitek, Phys. Rev. Let67,  33A. M. Guellil and J. B. Adams, J. Mater. Re&. 639 (1992.

1894 (1991). 343. H. Rose, J. R. Smith, F. Guinea, and J. Ferrante, Phys. Rev. B
14M. Yan, M. Sob, D. E. Luzzi, V. Vitek, G. J. Ackland, M. Meth- 29, 2963(1984).

fessel, and C. O. Rodriguez, Phys. RewB 5571(1993. 35Metal Reference Boolksth ed., edited by C. J. SmittButter-
5R. Siegl, M. Yan, and V. Vitek, Model. Simul. Mater. Sci. Er. worths, London, 1976

105 (1997). 36C. Kittel, Introduction to Solid-State Physicsth ed.(Wiley, New
186G, Kresse and J. Hafner, Phys. Rev4R 558 (1993. York, 1971).
YD. Vanderbilt, Phys. Rev. B1, 7892(1990. %7G. Simmons and H. Wanggingle Crystal Elastic Constants and
183, Perdew and Y. Wang, Phys. Rev4B, 13 244(1992. Calculated Aggregate Properties: A Handbod&@ad ed.(MIT,
19H. J. Monkhorst and J. D. Pack, Phys. Revi® 5188(1976. Cambridge, MA, 1971
20B. X. Liu, L. J. Huang, K. Tao, C. H. Shang, and H-D. Li, Phys. *R. W. Balluffi, J. Nucl. Mater69&70, 240 (1978.

Rev. Lett.59, 745(1987. 39american Institute of Physics HandbodMcGraw-Hill, New
2'C. B. Shoemaker and D. P. Shoemaker, J. Appl. Crystalltgr. York, 1957.

997 (1963. 40p. Bujard, Ph.D. thesis, University of Geneva, 1982.
224, 7. Xiao, L.-Chung Yang, S. L. Lai, Z. Ma, and A. Rockett, Scr. 'B. J. Lee, M. I. Bakes, H. Kim, and Y. K. Cho, Phys. Rev6&

Metall. Mater.32, 353(1995. 184102(2001).
23pp, Goudeau, J. Mimault, Th. Girardeau, K. Reklaoui, O. Proux*2J. K. Chen, D. Farkas, and W. T. Reynolds Jr. Acta Madéy.

and V. Branger, Thin Solid Film275, 25 (1996. 4415(1997.
24Y. S. Shi, D. Qian, G. S. Gong, X. F. Jin, and D. S. Wang, Phys.**F. Ercolessi and J. B. Adams, Europhys. L&, 583 (1994.

Rev. B65, 172410(2002. 4H. R. Gong, L. T. Kong, W. S. Lai, and B. X. Liu, Phys. Rev. B
25\, Parrinello and A. Rahman, J. Appl. Phyg2, 7182(1981). 66, 104204(2002.

263 R. Phillpot, S. Yip, and D. Wolf, Comput. Phy3. 20 (1989. 4SM. J. Mehl, J. E. Osburn, D. A. Papaconstantopoulos, and B. M.
27y, Waseda,The Structure of Non-Crystalline Materials: Liquid Klein, Phys. Rev. B41, 10 311(1990.

and Amorphous SolidévicGraw-Hill, New York, 1980. 463, Chantasiriwan and F. Milstein, Phys. Rev6® 14 080(1996).
28\, Rosato, G. Ciccotti, and V. Pontikis, Phys. Rev.3B, 1860  4’B. X. Liu, W. S. Lai, and Z. J. Zhang, Adv. Phy50, 367 (2001).
(1986. 48y.G. Chen and B. X. Liu, J. Alloys Comp@61, 217 (1997.

024202-9



