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Glass-forming ability determined by an n-body potential in a highly immiscible Cu-W system
through molecular dynamics simulations

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

~Received 20 October 2002; revised manuscript received 21 January 2003; published 7 October 2003!

With an important aid fromab initio calculations, ann-body potential is constructed under the embedded
atom method for a highly immiscible Cu-W system characterized by a positive heat of formation of133
kJ/mol. The obtained potential is capable of reproducing some realistic physical properties, such as cohesive
energies and lattice constants, etc., of Cu and W, as well as two nonequilibrium Cu3W and CuW compounds.
Applying the potential, molecular dynamics simulations using solid solution models are conducted to calculate
the critical solid solubility, at which a metallic glass transition takes place, thus determining the glass-forming
range of the Cu-W system to be from 20 to 65 at. % of W, which is in good agreement with the experimental
results. Interestingly, an abnormally large volume expansion in association with the transition is found to be
within 6.9–13.1% in the Cu-W system and it is much greater than the typical value of 1–2% frequently
observed in the systems with negative heats of formation.
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I. INTRODUCTION

During the last two decades, several empirical mod
have appeared to predict the glass-forming ability~GFA! or
glass-forming range~GFR! favoring the formation of amor-
phous alloys of a binary metal system. Liuet al. proposed a
structural difference rule which predicted that an amorph
phase would most likely be formed in binary metal system
which consist of two constituent metals of different cryst
line structures, at an overall composition located in
middle of the two-phase region of the equilibrium pha
diagram.1 Meanwhile, Alonso and Simozar proposed co
structing a two-dimensional map for predicting a GFA w
two parameters, i.e., the ratio of atomic radii of the metalA
andB and the heat of formation (DH f) calculated by Miede-
ma’s model at an equiatomic stoichiometry.2 Based on com-
prehensive experimental studies, Liuet al. proposed, a little
later, an empirical model on the basis of two intrinsic para
eters, namelyDH f and the maximum possible amorphizatio
range, and the model successfully predicted the GFA or G
of the binary metal systems, which are accordingly classi
into three categories of readily, possibly, and hardly gla
forming systems.3 In recent years, the molecular dynami
~MD! simulation has been proved as a powerful means
study the amorphization transition, especially to underst
the underlying physics at an atomic scale. For instan
Zhang and Lai have successfully conducted MD simulati
with realistic n-body potentials to study the amorphizatio
transition and calculate the GFA or GFR for the Ni-Mo, N
Ti, and Ni-Ta systems, which are all characterized with ne
tive DH f .4–6 Immiscible systems with positiveDH f , how-
ever, have hardly ever been studied by MD simulations
atomistic modeling, probably due to a formidable obstacle
deriving a realisticn-body potential, as there does not ex
any equilibrium compound to provide necessary phys
properties to fit the cross potentials. In fact, amorphous
loys have been obtained in some immiscible copp
refractory metal systems and the corresponding GFRs h
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been measured in experiments as well.7–9 It is therefore de-
sirable to understand the amorphization mechanism a
atomic scale as well as to find out if, or not, the GFA of t
immiscible systems could be determined directly by t
inter-atomistic potentials through MD simulations.

Among the immiscible copper-refractory metal system
the Cu-W system has the highestDH f of 133 kJ/mol and is
highly immiscible in both solid and liquid states.10 In the
present study, the Cu-W system was selected as a m
system, partly due to the potential application of W as
diffusion barrier between Cu and Si/SiO2 in very large scale
integration devices.11 Accordingly, we first construct an
n-body potential under an embedded-atom method~EAM!
by fitting the cross Cu-W potential to some physical prop
ties, which are obtained from first-principles calculation
Applying the constructed Cu-W potential, MD simulation
are then performed with solid solution models to study
amorphization transition and associated property chang
well as to determine the GFA of the Cu-W system.

II. CONSTRUCTION OF AN N-BODY POTENTIAL

It is well known that the EAM has become one of th
most realistic methods to constructn-body potentials and is
capable of reproducing some physical properties of the tr
sition metals and alloys.12–14 Consequently, in the presen
study, the Cu-Cu and W-W potentials take the EAM form
adopted by Caiet al. and Johnsonet al. respectively,12,13

with some modifications proposed by the present author

Etot5(
i

Fi~r i !1
1
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i , j
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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. For simplicity, thef (r ) of the W-W potential in the presen
study takes the same function form@shown in Eq.~4!# as that
of the Cu-Cu potential, and it is different from the origin
form proposed by Johnsonet al.13 In Eq. ~2!, F0 , re , andn
are three constants.F05Ec2En

f , in whichEc andEn
f are the

cohesive energy and vacancy formation energy, respectiv
The parameterre represents the host electron density at
equilibrium state and the constantn, in the present study, is
set to be 0.333333 and 0.440653 for the Cu-Cu and W
potentials, respectively. For W with a bcc structure,F1
equals 0. While for Cu of an fcc structure,F1 is an adjustable
parameter. In Eq.~4!, r e is an equilibrium first-neighbor dis
tance, andf e is a scaling factor determined by the relatio
ship of f e5Ec /V, whereV is the atomic volume. In Eq.~6!,
ka is a constant and is expressed by

ka54.5$114/@2C44~C112C12!20.1#%. ~7!

The cutoff function is adopted from the polynomial propos
by Guellil et al.14 and the cutoff distances are assumed to
between the second- and third-neighbor distances for Cu
and W-W, respectively. In the above equations, there are
tally five parameters (x,a,b,r a ,F1) to be fitted for the
Cu-Cu potential and also five parameters (x,k0 ,k1 ,k2 ,k3) to
be fitted for the W-W potential.

The Cu-W cross potential takes a linear combination
the Cu-Cu and W-W potentials, which is the same funct
proposed by the authors while constructing the cross Cu
potential:15

fCuW~r !5A@fCu~r 1B!1fW~r 1C!#, ~8!

wherer is the distance between Cu and W atoms.A, B, and
C are three potential parameters to be fitted. It should
pointed out that the fitting of the Cu-W cross potential is
challenging issue, as in the immiscible Cu-W system ther
no any equilibrium alloy phase and therefore no indispe
able data available for fitting the cross potential. In this
spect, the first-principles calculation based on quantum
chanics is a reliable way for attaining some physi
properties of the equilibrium as well as nonequilibrium all
phases.15,16We, therefore, performed first-principles calcul
tions, based on the well-established Viennaab initio simula-
tion package~VASP!,17 to obtain the cohesive energies a
lattice constants of two nonequilibrium CuW and Cu3W al-
loy phases in the Cu-W system. Briefly, the establishmen
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the VASP code was based on the density functional the
within the local-density approximation. The electron-ion i
teraction was described by pseudopotentials and the me
used to build the pseudopotentials was derived from Vand
bilt’s recipe previously employed for ultraso
pseudopotentials.18 The pseudopotentials allowed the use
a moderate cutoff for the construction of the plane-wave
sis for the transition metals. The integration in the Brillou
zone was done on some special points in the recipro
k-space determined by employing the Monkhorst-Pa
scheme.19 All calculations were performed with the
generalized-gradient approximation proposed by Perdew
Wang.20 Accordingly, Fig. 1 exhibits the calculated total e
ergy versus average atomic volume for the nonequilibri
Cu3W phase with four selected structures ofA15,L12 , L60 ,
andD09 , respectively. It can be seen that the Cu3W with a
L12 structure could be relatively stable. Meanwhile, simi
calculations indicate that the nonequilibrium CuW pha
with a B2 structure shows a relatively low energy, compar
with other possible structures~calculated curves not shown!.
As a result, the cohesive energies of theL12 Cu3W andB2
CuW phases are 4.2478 and 5.4765 eV/atom, respectiv
and their lattice constants are 3.76 and 3.04 Å, respectiv
The computed data are then applied in fitting the Cu-W cr
potential.

After the fitting procedure and optimization of the pote
tial parameters, Table I lists the fitted parameters for the

FIG. 1. The ab initio calculated total energy vs the averag
atomic volume for the nonequilibrium Cu3W phase with the pos-
sible structures of~a! A15, ~b! L12 , ~c! L60 (c/a50.863), and~d!
D09 , respectively.
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TABLE I. Fitted parameters for the Cu-Cu, W-W, and Cu-W potentials. The cutoff distances,r s ~Å! and
r c ~Å!, are also listed.

Cu-Cu W-W Cu-W

x 11.134 231 x 6.180 480 A 0.362 635
a ~eV! 0.725 977 k0 ~eV! 20.581 958
b 3.457 434 k1 ~eV! 22.175 060 B ~Å! 20.229 870
r a ~Å! 1.629 356 k2 ~eV! 17.053 662
F1 ~eV! 0.676 073 k3 ~eV! 28.215 108 C ~Å! 0.094 444
r s ~Å! 3.7 r s ~Å! 3.2
r c ~Å! 4.4 r c ~Å! 4.4
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Cu, W-W, and Cu-W potentials, as well as the cutoff d
tances ofr s and r c for the Cu-Cu and W-W potentials
respectively. Table II shows a comparison between so
physical properties reproduced by the constructed poten
and experimental/ab initio values used initially for fitting the
potentials. It can be seen that the constructed Cu-Cu po
tial shows a better description of the pure Cu than that of
original potential proposed by Caiet al.,12 and the con-
structed W-W potential gives the better results in reprod
ing some physical properties of the pure W than those
tained by Mehl et al. employing the total-energy tight
binding potential.22 Evidently, the constructed Cu-W
potentials work fairly well in terms of reproducing som
physical properties of the pure Cu and W, as well as t
nonequilibrium Cu3W and CuW phases in the system.

III. SIMULATION MODEL AND CHARACTERIZATION
METHODS

In the present study, we adopt an fcc solid solution mod
which is set to consist of 737373451372 atoms in a fcc
structure. In the model, the@100#, @010#, and @001# atomic
crystal directions are parallel to thex, y, andz axes, respec-
14420
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tively and periodic boundary conditions are adopted in th
dimensions.

Employing the constructed Cu-W potential, MD simul
tions with the fcc solid solution model are carried out wi
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 stept55
310215 s.23 To simulate the Cu-W solid solutions, the initia
fcc solid solution model is obtained by randomly substituti
a certain amount of Cu by W atoms in the original lattic
The solid solution model is then run at a constant tempe
ture 300 K to reach a relatively equilibrium state, at whi
all the dynamic parameters show no secular variation. T
amount of W solute atoms is gradually increased to find
the critical compositions, at and beyond which the solid
lutions would become energetically unstable and colla
into the corresponding disordered states.

The process of solid-state crystal-to-amorphous transi
in the model is monitored by the projections of the atom
positions, the planar structure factorS (k, z), the pair-
correlation functiong(r ), as well as the density profiles o
each species along thez directionra(z). S (k, z) is a Fourier
transformation of the density in each crystallographic pla
TABLE II. Comparison between calculated values and experimental data/ab initio results of the cohesive
energyEc ~eV!, lattice constanta ~Å!, elastic constants~Mbar!, and vacancy formation energyEv

f ~eV! in the
Cu-W system.

Structure
Ec

~eV!
a

~Å!
C11

~Mbar!
C12

~Mbar!
C44

~Mbar!
Ev

f

~eV!

Experimental 3.54a 3.615a 1.70a 1.225a 0.758a 1.30a

Cu fcc Caisa 3.52 3.615 1.68 1.263 0.752 1.31
This work 3.54 3.615 1.70 1.225 0.758 1.30

Experimental 8.66b 3.16475b 5.326c 2.05c 1.631c 3.95c

W bcc Mehlsd 3.14 5.29 1.70 1.98 6.43
This work 8.66 3.16475 5.326 2.05 1.63 3.95

Cu3W L12 Ab initio 4.2478 3.76
Fitted 4.2112 3.728

CuW B2 Ab initio 5.4765 3.04
Fitted 5.3920 3.047

aReference 12.
bReference 13.
cReference 21.
dReference 22.
1-3
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parallel to thex-y plane. Accordingly, the planar structur
factor S51 refers to an entirely ordered crystal, whileS
50 is for a completely disordered state.24 As one of the main
criteria to determine an amorphous structure,g(r ) is com-
monly used to identify the structure of a block material
sampling the atoms involved in the block.25 ra(z) is calcu-
lated to define the position of a single atomic layer, indic
ing the local structural and compositional properties of
models.26

IV. RESULTS AND DISCUSSION

Based on extensive data concerning the amorphous a
formation by various techniques, Liuet al. have proposed to
define the experimentally determined GFR as the nom
GFR, for it depends on the specific applied producing te
nique, e.g., by using the liquid melt quenching technique,
faster the cooling speed, the broader the GFR.27 From a
physical point of view, however, a binary metal syste
should have its own GFA or GFR, which has nothing to
with the practically applied producing technique, as t
atomic configuration corresponding to a disordered stat
determined by its intrinsic characteristics. Naturally, suc
GFA or GFR is therefore considered as an intrinsic one
principle, the nominal GFR is frequently smaller than t
intrinsic GFR and, apparently, the greater the GFR obser
by a specific technique, the closer the nominal GFR to
intrinsic GFR. It has been proved that ion beam mixing
one of the most powerful techniques in producing am
phous alloys and that in the binary metal systems, am
phous alloys, namely, metallic glasses, could be form
within a broad composition range, extending from the cen
portion to the edges, where the formation of solid solutio
of simple crystalline structures becomes energetically m
favored than a disordered state. A scientific issue of de
mining the intrinsic GFR of a system is thus transferred to
objective by comparing the energetic levels of a disorde
state versus the solid solution as a function of alloy com
sition to determine the critical solid solubility. The compos
tion range bounded by the two terminal solubility limits
therefore the intrinsic GFA or GFR of the system.28 For the
Cu-W system, solid solution models are therefore used
MD simulations based on the newly constructed Cu-W
tential and the intrinsic GFA or GFR is determined to
within 20–65 at. % of W, which is in good agreement wi
experimental observations reported in the literature.

We now discuss in detail the results obtained by M
simulations. As a typical example to show the determinat
of the critical composition, Figure 2 exhibits the projectio
of atomic positions of Cu35W65 and Cu30W70 solid solutions
after annealing at 300 K for 0.5 ns, respectively. It can
seen vividly that a uniform disordered structure is formed
the Cu35W65 solid solution model, while the Cu30W70 solid
solution still remains in an ordered state, indicating that
at. % Cu or 65 at. % W is the critical composition to trigg
amorphization transition. Besides, the structural change
ing annealing was monitored by the partial and total pa
correlation functions, which are considered as the decis
measure to confirm a disordered state and displayed in
14420
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3. Apparently, it can be deduced from Fig. 3 that after a
nealing at 300 K for 0.5 ns, the Cu85W15 and Cu30W70 solid
solutions still remain in crystalline structures, while th
Cu80W20, Cu50W50, and Cu35W65 solid solutions all become
amorphous, indicating that 20 at. % of W and 65 at. % of
are two critical compositions for amorphization transition
the Cu-W system. Furthermore, Fig. 4 shows the calcula
density profiles,ra(z), of Cu and W atoms along thez di-
rection in Cu85W15, Cu80W20, Cu50W50, Cu35W65, and
Cu30W70 solid solutions after annealing at 300 K for 0.5 n
respectively. It should be noticed that a relatively unifor
distributed density profilera(z) is achieved only when the
alloy composition is in the range of 20–65 at. % of W, pr
viding supplemental evidence to the above determined
critical compositions in the Cu-W system. It follows that th
GRF of the Cu-W system is from 20 to 65 at. % of W.

It is of interest to compare the above simulation resu
with the experimental observations. Rizzoet al. claimed that
the vapor-deposited Cu-W alloys containing 25–55 at. %
became completely amorphous.9 It should be noted that this

FIG. 2. The projections of atomic positions of~a! Cu30W70 and
~b! Cu35W65 solid solutions after annealing at 300 K for 0.5 n
respectively. Open circles: Cu. Filled triangles: W.
1-4
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nominal GFR observed from experiments is very close
and reasonably a little smaller than the intrinsic value
20–65 at. %W derived by the present MD simulation
Based on x-ray diffraction and differential thermal analys
Gaffet et al. found that after ball milling, the Cu70W30,
Cu60W40, Cu50W50, Cu45W55, and Cu40W60 alloys became
amorphous, whereas the Cu95W5, Cu90W10, and Cu85W15
alloys retained ordered structures.29 Gržeta et al. reported
that the magnetron-sputtered Cu50W50 and Cu66W34 were in
the amorphous states.30 Obviously, these experimental obse
vations are also in good agreement with the present
simulation results, as the alloy compositions, i.e., Cu70W30,
Cu66W34, Cu60W40, Cu50W50, Cu45W55, and Cu40W60, are
all within the presently calculated GFR of 20–65 at. % of
whereas Cu95W5, Cu90W10, and Cu85W15 are all out off the
calculated GFR. In addition, Chenet al. discovered that the
structure of the Cu84W16 multilayers upon annealing a
around 350 °C for about 0.5 h kept still in crystalline fcc31

which is also consistent with the present simulation resu
In summary, the GFR determined directly by the Cu-W p
tential through MD simulation is of relevance, which in tu
confirms the newly constructed Cu-W potential is realistic
well.

We now turn to determine the volume expansion (DV) in
association with the amorphization transition in the imm
cible Cu-W system. We first calculate, according to Vegar
law, the volume of the Cu-W solid solution after substituti
with various compositions of W solute atoms, and reg

FIG. 3. Partial and total pair correlation functions of~a!
Cu85W15, ~b! Cu80W20, ~c! Cu50W50, ~d! Cu35W65, and ~e!
Cu30W70 solid solutions after annealing at 300 K for 0.5 ns, resp
tively. The solid line is for the totalg(r ), the dashed line is for
Cu-Cu partialg(r ), the dotted line is for the W-W partialg(r ), and
the dash-dotted line is for the Cu-W partialg(r ).
14420
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these values (Vi), rather than the original volume of the pur
Cu lattice, as the initial volume of the solid solution. We th
defineDV5(Vf2Vi)/Vi to describe the actual volume ex
pansion, whereVf is the final volume of the solid solution

FIG. 5. The actual volume expansion (DV) and molar enthalpy
change (DH) vs the W solute composition in the Cu-W solid sol
tions.DV5(Vf2Vi)/Vi , whereVi is the calculated volume of the
solid solution according to Vegard’s law andVf is the final volume
of the solution after annealing at 300 k for 0.5 ns.Hi andH f are the
enthalpies of the initial and final states of the Cu-W solid solut
after annealing at 300 K for 0 and 0.5 ns, respectively. The entha
change is presented byDH5Hi2H f .

-

FIG. 4. The calculated density profilesra(z) of Cu and W at-
oms along thez direction in ~a! Cu85W15, ~b! Cu80W20, ~c!
Cu50W50, ~d! Cu35W65, and ~e! Cu30W70 solid solutions after an-
nealing at 300 K for 0.5 ns, respectively.rCu(z) is represented by
the solid line andrW(z) by the dotted line. The ordinate is in arb
trary units.
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after annealing at 300 K for 0.5 ns. Figure 5 exhibits t
actual volume expansion (DV) as well as the enthalpy
change (DH) of the Cu-W solid solution as a function o
alloy composition. The enthalpy change is expressed
DH5Hi2H f , in which Hi andH f are the enthalpies of th
initial and final states, corresponding to annealing at 300
for 0 and 0.5 ns, respectively. It can be seen thatDV andDH
increase with increasing of theW solute concentration, and a
xW520 and 65 at. %, the slopes of the enthalpy and volu
expansion are discontinuous, giving additional evidence
the calculated GFR of the Cu-W system. As shown in Fig
the actual volume expansion in association with the am
phization transition in the immiscible Cu-W system is fro
6.9 % to 13.1 %, which is surprisingly greater than the ty
cal value of 1–2 % usually observed in the binary me
systems with negativeDH f .32,33 From a physical point of
view, such a large volume expansion upon the amorphiza
transition reflects the repulsive interaction between the
and W atoms, which is revealed by the newly construc
n-body Cu-W potential in the present study, and is comp
ible with a large positiveDH f of the system characterize
from the thermodynamic calculation.
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V. CONCLUSIONS

We have shown that theab initio calculation is a unique
means to provide some physical properties of the none
librium Cu3W and CuW phases for fitting the Cu-W cros
potential and consequently, a realistic EAM Cu-W potent
is constructed for the highly immiscible Cu-W system. Bas
on the potential, it is determined through molecular dyna
ics simulations that the intrinsic glass-forming range of t
Cu-W system is from 20 to 65 at. % of W, which is in goo
agreement with the experimental observations. In addit
the volume expansion in association with the amorphizat
transition is from 6.9% to 13.1%, which is unusually larg
probably due to the repulsive interaction between the Cu
W atoms.
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