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Atomistic model of gallium
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A modified embedded atom model of gallium has been developed. This simple atomic level model is able to
reproduce the unusual behavior of this complex element. The calculated energetics and volumes of many
allotropic phases of gallium are found to be in close agreement with first principles calculations and experi-
ment. Calculated thermodynamic and elastic properties are also in reasonable agreement with the available
experimental and first principles data. The model also reproduces the low melting point of gallium.
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I. INTRODUCTION

Gallium is a very complex element. Its compounds are
extreme importance in the electronics industry. The galli
phase diagram shows the existence of one equilibrium s
phase A11~oC8, GaI! as well as the liquid phase at atm
spheric pressure and three additional equilibrium phases
centered tetragonal~fct! ~cI12, GaII!, A6 ~tF4, tI2, GaIII!,
and fcc~GaIV! at high pressure.1 We present the structures i
various crystallography nomenclatures to aid the reader
addition a number of metastable phases are also rea
formed at pressures around 10 GPa. One of the metas
phases,b-Ga ~mC4!, is essentially the same structure as t
A20 ~oC4! structure. The equilibrium phase at low pressu
is the orthorhombic A11 phase. This phase shows a sig
cant amount of dimerization. The melting point of gallium
only slightly greater than room temperature~303 K!.

The embedded atom method~EAM!, which is based on
density functional theory, is by far the most widely us
semiempirical atomistic method. Applications of the EA
include calculation of properties of perfect and defect
~free surfaces, point defects, grain boundaries, dislocati
etc.! bulk metals and alloys as a function of temperature a
pressure. Recent research has led to models of similarly c
plex elements, tin2 and plutonium.3 These models were base
on the EAM~Refs. 4–6! which has been found to represe
the properties of metals and alloys quite well. In the work
tin it was found that the model was able to quantitative
predict the thermodynamics of the three equilibrium pha
of tin. The addition of angular forces7 was found to be criti-
cal in explaining the behavior of complex crystal structur
Thus the modified EAM~MEAM ! ~Refs. 7–9! is used here
to model the properties of gallium.

One may question why are we interested in semiempir
models when first-principles calculations have progresse
a high level of accuracy. The issue is simply practicality. F
obtaining an understanding of complex phenomena in ph
ics or materials science, many thousands of atoms are
quired to simulate the relevant processes. In addition,
desire to calculate statistical or thermodynamic proper
obviates the calculation of millions of energies. Unfort
nately first-principles calculations are just too slow to
useful for these problems. Thus we are reduced to deve
ing simple models which mimic the real world. The cha
lenge presented here is whether or not a simple model s
0163-1829/2002/66~10!/104107~9!/$20.00 66 1041
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as the MEAM can sufficiently represent a complex mate
such as gallium so as to be useful.

The models of tin and plutonium used experimental d
as input to the MEAM model. For the case of gallium, fir
principles calculations were used to develop the databas
quired to determine the properties of the MEAM model.

II. THEORY

A. Details of the model

The total energyE of a system of monatomic atoms in th
EAM formalism is4–6 given by an expression of the form,

E5(
i

S F~ r̄ i !1
1

2 (
j Þ i

f~Ri j ! D , ~1!

where the indicesi and j denote the atoms. The embeddin
function F is the energy to embed an atom into the bac
ground electron density at sitei, r̄ i ; andf is the pair inter-
action between atomsi and j whose separation is given b
Ri j . In the EAM, r̄ i is given by a linear supposition o
spherically averaged atomic electron densities, while in
Modified Embedded Atom Method~MEAM !, r̄ i has an an-
gular dependence.7–9

The pair potential between two atomsf(R) separated by
a distanceR is given by

f~R!5
2

Z
$Eu~R!2F~ r̄0~R!!%, ~2!

where r̄0(R) is the background electron density at an ato
in what is termed the reference structure, andZ is the number
of first neighbors in this structure. HereEu(R) is the energy
per atom of the reference structure as a function of nea
neighbor distanceR, obtained, e.g., from first principles ca
culations or the universal equation of state of Roseet al.,10

Eu~R!52EcS 11a* 1
r e

R
da* 3De2a* ~3!

with

a* 5aS R

r e
21D ~4!

and
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a25
9VB

Ec
, ~5!

where Ec , r e , V, and B are the cohesive energy, neare
neighbor distance, atomic volume, and bulk modulus,
spectively, all evaluated at equilibrium in the reference str
ture. The parameterd has been added to better represent
pressure derivative of the bulk modulus. In this work t
reference structure will be taken as the fcc, resulting in

r̄0~R!5Zra~0!~R!, ~6!

where ra(0) is an atomic electron density discussed bel
and Z512 is the number of nearest neighbors in the ref
ence structure.

In the MEAM the embedding functionF( r̄) is taken as

F~ r̄ !5AEc

r̄

Z
ln

r̄

Z
, ~7!

whereA is an adjustable parameter.
The background electron density at a specific site,r̄, is

assumed to be a function of what we call partial elect
densities. These partial electron densities contain the ang
information in the model. The spherically symmetric part
electron densityr (0) is the background electron density
the EAM,

r~0!5(
j Þ i

ra~0!~Ri j !, ~8!

where the sum is over all atomsj not including the atom ati.
The angular contributions to the density are given by sim
formulas weighted by thex, y, andz projections of the dis-
tances between atoms11 ~see the Appendix for the detaile
formulas!. The atomic electron densities are given by sim
exponentials with decay constantb ( l ), l 50 – 3. To obtain the
background electron density from the partial electron de
ties we make the assumption that the angular terms a
small correction to the EAM. We combine the angular d
pendence into one term,

G5(
l 51

3

t ~ l !~r~ l !/r~0!!2, ~9!

where thet ( l ) are constants. The background density is th
taken as

r̄5r~0!A11G. ~10!

It has been shown that this formalism is equivalent to
expansion of the background electron density in Legen
polynomials.7,12

B. First principles method

The first principles calculations were performed to p
vide some physical properties of the fcc, hcp, simple cu
~sc!, bcc, and A11 phases of Ga. Some of these quantities
not readily available from experiment. These first princip
calculations were performed to insure that the fitted MEA
10410
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Ga potentials are sufficiently transferable for a wide vari
of modeling and simulation environments.

We have used the ultrasoft~US! pseudopotential13 of Ga
with the generalized gradient approximation~GGA! ~Ref.
14! to the exchange-correlation energy using the VA
code.15,16The 3d10, 4s2, 4p electrons are treated as valen
electrons~total of 13 electrons!. For the fcc structure, we
used 20320320 Monkhorst-Pack17 k-point mesh in the
primitive cell. For the bcc, sc, A4, A6, A11, and hcp stru
ture, a 16316316, 16316316, 83838, 10310310, 8
3838, and 63636 k-point mesh was used, respectively

The vacancy formation energy, without any structural
laxations, in a 32-atom fcc-cell was calculated so the de
energy can be calibrated for the MEAM. The formula for t
vacancy formation energy is

Ef
1v5E312~31/32!E32, ~11!

whereEN is the energy of anN-atom unit cell.

C. Obtaining the model parameters

The MEAM parameters are obtained by using first pr
ciples data for gallium with a reference lattice of the fcc.
Table I the source of the first principles quantity and t
resultant parameter value is given. The data used include
cohesive energyEc , the lattice constanta, the force on a
neighbor to an unrelaxed vacancy,f v , and the elastic con-
stantsci j of the fcc gallium. In addition, the energies o
structuresX5sc, hcp, and A11 gallium relative to fcc ga
lium, DEX and the volume of A11 galliumVA11 were used.
Ec , a, d, and r e5a/A2 are determined by least squares fi
ting to the energy vs volume obtained from the GGA calc
lations. To obtainA, the following equation is used:

A5
2Ec1dEsc10.5Ec~11asc* !e2asc*

0.5Ec ln~0.5!e2bsc*
, ~12!

where

asc* 5a~xsc21!, ~13!

TABLE I. Source and values of MEAM parameters for gallium

Parameter Source Value

Ec ~eV/atom! cohesive energy of fcc~GGA! 2.897
r e ~Å! lattice constant of fcc~GGA! 4.247
a bulk modulus of fcc~GGA! 4.42
d energy/volume curve of fcc~GGA! 0.097
A relative energy of sc and fcc~GGA! 0.97
b (0) volume per atom of A11~GGA! 4.80
b (1) force on atom near vacancy in fcc~GGA! 3.10
b (2) shear modulus fcc~GGA! 6.00
b (3) relative energy of fcc and A11~GGA! 0.50
t (1) vacancy formation energy in fcc~GGA! 2.72
t (2) shear modulus fcc~GGA! 2.06
t (3) relative energy of fcc and hcp~GGA! 24.00
cmin thermal expansion~experiment! 1.40
7-2
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bsc* 5b~0!~xsc21!, ~14!

and the ratio of nearest distances in the sc structure to the
structure is given by

xsc5
&

41/3. ~15!

An iterative procedure was used to calculateb (0), using
the volume of the A11 structure. The force on a neighbo
an unrelaxed vacancy is used to calculateb (1). The analytic
equation giving this relationship is given in the Append
~see Baskeset al.11 for the derivation!. The elastic constant
of the fcc phase are used to determineb (2) and t (2) using
equations presented in the Appendix which were deri
from Baskes.7 It was found that no value ofb (2) reproduced
the GGA elastic constantc128 50.5 (c112c12) and the GGA
energy of the A11 phase simultaneously. The best agreem
was found by choosingb (2)56. The relative energy of A11
and fcc is used to determineb (3) under the constraint o
wanting a reasonably good value ofc128 . An iterative process
is employed, as no simple analytic formula is available. T
hcp/fcc relative energy is used to determinet (3) and the va-
cancy formation energy is used to determinet (1) using equa-
tions presented in the Appendix which were taken fro
Baskes.7

Even though the parameters are not completely unco
lated, there is a very close connection between each piec
experimental data and the resultant parameter. Ang
screening was implemented~see the Appendix! using the
values,Cmin51.4 andCmax52.8, as in the method of Baske
et al.18 As shown in Baskes19 the choice ofCmin strongly
effected the thermal expansion. Thus we determineCmin by
fitting to the experimental value for the thermal expans
coefficient. For computational convenience, a radial cutof
5.0 Å was also used.19

The procedure of parameterization may be summarize
follows:

~1! Ec , a, d, andr e5a/A2 are determined by least squar
fitting to the fcc energy vs volume obtained from th
GGA calculations;

~2! A is determined from Eq.~12! using the properties of the
sc phase;

~3! An iterative process is used to calculateb (0), using the
volume of the A11 structure;

~4! The force on a neighbor to an unrelaxed vacancy is u
to calculateb (1) using Eqs.~A5!;

~5! The elastic constants of the fcc phase are used to d
mine b (2) and t (2) using Eqs.~A6!;

~6! An iterative process is used to determineb (3), using the
relative energy of A11 and fcc;

~7! The hcp/fcc relative energy is used to determinet (3) us-
ing Eqs.~A7!;

~8! The vacancy formation energy is used to determinet (1)

using Eq.~A8!;
~9! An iterative process is used to determineCmin , using the

experimental value for the thermal expansion coefficie
10410
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D. Computational details

The calculations presented below use either the molec
statics ~MS! or the molecular dynamics~MD! technique.
Typically the calculations for the solid~liquid! phases used a
three-dimensional periodic cell of;250 ~4000! atoms with
dynamic periodic boundaries.20 The surface calculations use
;400 atoms in 2D geometry and had;40 Å between the
two free surfaces. The 0 K properties reported below are a
relaxed with the maximum force,1 meV/Å. Temperature
was controlled using a standard Nose´–Hoover thermostat21,22

with a time constant of 0.1 ps. The quantities at tempera
are thermodynamic averages for over at least 10 ps f
samples that had been equilibrated at temperature and
sure for at least 10 ps. Statistical errors in energy are,10
meV/atom and in volume are,0.2 Å3/atom. Average pres-
sures were typically,100 MPa and average temperatur
were typically within,1 K of the desired temperature. E
rors in the temperature derivatives are estimated to be a
10%. The melting point was estimated using the moving
terface method.23 Using this estimate of temperature as
starting guess, microcanonical ensemble (N V E) runs of the
two-phase slab geometry were run at a few different v
umes, resulting in average temperatures of two-phase c
istence at different pressures. These average tempera
were interpolated to zero pressure resulting in the melt
point. The error in melting point was assessed to be65°.
The liquid structure factor was calculated as the Fou
transform of the radial distribution function, which was a
eraged over 20 configurations. The surface tension was
proximated as the difference in potential energy betwee
liquid sphere of;1000 atoms and the potential energy of
equivalent number of bulk liquid atoms at the same tempe
ture, divided by the surface area of the sphere. Entropy
ferences were not calculated. When statistical errors
quoted in the text, the error represents one standard devia
determined from multiple runs.

The transport properties of liquid gallium presented bel
utilized Green–Kubo formalism.24 In order to obtain mean-
ingful statistical information for the transport properties w
utilized the method of overlapped data collection.25 A total of
2000 individual correlation functions were overlapped with
spacing of 0.1 ps. This choice allowed sufficient decay in
stress correlation function to not effect the results. The to
length of the correlation function was 1 ps. The total leng
of the transport simulations was;2 ns. The simulations use
a microcanonical ensemble (N V E) of 1372 atoms with pe-
riodic boundaries such that the average pressure was z
The energy conservation of the functions was excellent. T
temperature fluctuations were,10 K and the pressure fluc
tuations were,800 bar. We estimate the statistical error
the self-diffusion coefficient to be,3% and the viscosity to
be ,8%.

III. RESULTS AND DISCUSSION

A. How the model compares to the first principles database

Using the GGA, the equilibrium cohesive energy, latti
constant,c11, c12, c44 and bulk modulus were calculated an
7-3
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are presented in Table II. The shear modulic44 and c128
50.5 (c11-c12) are very small. These values are mu
smaller than those found in e.g., fcc-Al. In fact,c128 ,0
showing that the fcc phase is unstable with respect to a
tragonal distortion as seen by others.26–28The differences in
the MEAM and GGA elastic constants are due to the fact t
c128 could not be fit exactly, as discussed above. The vaca
formation energy was calculated to be;0.5 eV, which when
compared to the melting point, is significantly higher th
for other metals e.g., Al or Ni. The force on the neighbori
atoms to the vacancy is calculated to be20.12 eV/Å, where
the sign is used to indicate that the force is directed radi
toward the vacancy as is found in many other metals. T
structural energies of sc, hcp, and A11 are also given in Ta
II. The sc and hcp volume per atom was held fixed at
volume per atom calculated for fcc. Thec/a ratio for hcp
was held at the ideal ratio. The A11 structure was comple
relaxed.

The model is first exercised to calculate the properties
were used as input from the first principles calculations. T
results are shown in Table II. All of these quantities for t
fcc phase are derived from fully relaxed calculations aT
50 K and zero pressure except for the force on the a
next to the vacancy, which was calculated at constant volu
and atom positions. The structural energies for sc and
were calculated at constant fcc volume and for A11 at z
pressure to mimic the GGA calculations. The agreement w
the database is excellent in all cases except for the A11
ergy that was a bit more stable than the GGA calculation
the c128 elastic constant discussed above.

TABLE II. Quality of the fit quantities. Properties presented f
the fcc structure are the lattice constanta, the elastic constantsci j ,
the bulk modulusB which equals (c1112c12)/2, the second cubic
shearc128 which equals (c112c12)/2, the unrelaxed vacancy forma
tion energyEiv

f , and the force on an atom next to a vacancyf v .
Energies presented for the simple cubic structureDEsc, the hcp
structureDEhcp, and the A11 structureDEA11 are relative to the fcc
structure. The volume per atom for the sc and hcp phases were
fixed at the fcc volume per atom. The A11 structure is complet
relaxed. All of the MEAM quantities in this table were fit and a
not predictions.

MEAM GGA

Ec ~eV/atom! 2.897 2.897
a ~Å! 4.247 4.247
c11 ~GPa! 49 40
c12 ~GPa! 54 59
c44 ~GPa! 5 5
B ~GPa! 53 52
c128 ~GPa! 23 210
Eiv

f ~eV! 0.50 0.48
f v ~eV/Å! 20.12 20.13
DEsc ~eV/atom! 0.067 0.068
DEhcp ~eV/atom! 20.013 20.018
VA11 ~Å3/atom! 19.39 20.15
DEA11 ~eV/atom! 20.097 20.043
10410
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B. How the model compares to experiment

The model is now used to calculate the properties of
equilibrium A11 and liquid phases. The results are presen
in Tables III–V. The calculated cohesive energy and atom
volume for the A11 phase are in excellent agreement w
experiment. The lattice constants vary slightly~;7%! from
experiment, but their changes are in opposite directions,
sulting in good agreement with the experimental volum
The internal atomic coordinates~x,z! are in excellent agree
ment with experiment and the predicted dimer length~2.455
Å! is within 1% of that seen in experiment~2.444 Å!. For
completeness the results of our GGA calculations for the A
phase are also presented in Table III. For the A11 phase t
GGA results give similarb/a and c/a ratios as previous
LDA calculations by Bernasconiet al.,29 but yield a volume
much closer~13%! to experiment than Bernasconiet al.
~29%!. The coefficient of thermal expansion~CTE! has been
fit to experiment and the quality of the fit is good. The a
isotropic expansion behavior is correctly captured with
relative length changes in the crystal directions being in
orderc.a.b. The statistical errors in the calculation of th
anisotropic behavior are very large. The specific heat is
excellent agreement with experiment.30

The elastic constants are calculated atT50 K by comput-
ing the second derivative of the energy with respect to s
cific distortions of the lattice. All elastic constants are po

eld
y

TABLE III. Predicted properties for gallium in the A11 struc
ture. Quantities presented are cohesive energyEc , atomic volume
V, lattice constantsa, b, c, internal coordinatesx andz, and dimer
bond length at 0 K. The thermal expansion coefficient CTE, anis
ropy of thermal expansion (DLi /Li)/DT for each directioni, and
specific heatCp are calculated at 300 K. The crystal structure p
rameters are based on an Abma analysis. Quoted statistical e
represent one standard deviation. Experimental values are for r
temperature.

MEAM Experimenta GGA

Ec ~eV/atom! 22.994f 22.969 22.940
V ~Å3/atom! 19.39f 19.47 20.15
a ~Å! 4.82 4.52 4.569
b ~Å! 4.53 4.51 4.564
c ~Å! 7.11 7.64 7.731
x 0.067 0.079 0.083
z 0.167 0.153 0.156
Dimer bond length~Å! 2.456 2.444 2.529
CTE (1026/K) 58g 55
(DLa /La)/DT (1026/K) 1164 16.5,b 16.3,c 17.9d

(DLb /Lb)/DT (1026/K) 1066 11.5,b 3.7,c 9.0d

(DLc /Lc)/DT (1026/K) 3663 31.5,b 33.5,c 29.0d

Cp ~J/K mol! 24.960.1 25.8e

aReference 32.
bReference 44.
cReference 45.
dReference 46.
eReference 30.
fFit to GGA.
gFit to experiment.
7-4
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tive indicating that the A11 structure is stable~see Table IV!.
There is qualitative agreement with the experimental ela
constants measured at room temperature. For compar
the calculated bulk modulus atT50 K from GGA is 49 GPa.

The ~001! surface energy and relaxations were also cal
lated. There are two possible surface terminations as
cussed by Walkoet al.31 The A termination maintains the
dimer bonds while theB termination splits the dimer bonds
The MEAM calculations give a relaxed surface energy
0.83 ~0.63! J/m2 for the A ~B! terminations. Thus theB ter-
mination is predicted to be favored in agreement with exp
ment. Surfaces with both terminations underwent signific
atomic relaxation. For theB terminated surface the first thre
interplanar spacings are predicted to change by 2.
20.2%, and 0.0% in poor agreement with the experimen
relaxation of29.6%, 10.2%, and20.9%.

The liquid properties~Fig. 1! are in reasonable agreeme
with experiment. The calculated melting point of 36765 K
is about 20% greater than experiment32 ~303 K!. We found
that by reducingCmin to 0.7 the calculated melting point wa
reduced to;320 K. Unfortunately at thisCmin , the thermal

TABLE IV. Predicted elastic constants for the A11 structure
gallium. Quantities presented are the bulk modulusB, the elastic
constantsci j , and the shear elastic constantsci j8 5(0.5(cii 1cj j )
2ci j )/2. Calculated values are forT50 K, while the experimental
values are for room temperature.

MEAM ~GPa! Experimenta ~GPa!

B 58 55,b 49c

c11 74 100
c22 97 90
c33 78 135
c44 14 35
c55 11 42
c66 22 40
c12 53 37
c13 30 33
c23 65 31
c128 17 29
c138 16 42
c238 23 41

aReference 32.
bCalculated from the experimentalE andv.
cGGA.

TABLE V. Properties for A11 to liquid transition in gallium
Quantities presented are the heat of fusionDH, the relative volume
change on meltingDV/V, and the melting pointTm . The heat of
fusion and volume change were calculated at 375 K.

MEAM Experimenta

DH ~eV/atom! 0.063 0.058
DV/V 22.5% 23.2%
Tm ~K! 36765 303

aReference 32.
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expansion coefficient for the A11 structure was nearly a f
tor of 2 greater than experiment. The predicted density@Fig.
1~a!# and its temperature derivative agree nicely w
experiment.33 The diffusivity @Fig. 1~b!# at high temperature
is somewhat lower than experiment,34 but the activation en-
ergy for diffusion~slope of the curve as plotted! is in reason-
able agreement with experiment. The calculated visco
@Fig. 1~c!# agrees nicely with experiment at hig
temperature,33 but it increases more rapidly than experime
as the temperature is lowered. In Fig. 2 the specific hea
compared to experiment. The high temperature specific h
in the liquid compares quite favorably with experiment35

The temperature dependence of the specific heat in the li
is in reasonable agreement with experiment, as may be

f

FIG. 1. Calculated~symbols! and experimental~Refs. 33 and
34! ~line! values of density~a!, diffusivity ~b!, and viscosity~c! of
liquid Ga as a function of temperature.
7-5
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M. I. BASKES, S. P. CHEN, AND F. J. CHERNE PHYSICAL REVIEW B66, 104107 ~2002!
by extrapolating~dotted line! the experimental high tempera
ture specific heat to the low temperature specific heat of A
itin et al.30 Similarly the solid specific heat agrees well wi
experiment30 as noted above, even though the temperat
dependence appears to be incorrect. The calculated app
mate surface tension at 375 K of 0.55 J/m2 is in reasonable
agreement with the experimental value32 of 0.72 J/m2. Note
that entropy effects were not included in the surface tens

The structure factorS(k) of liquid gallium has been stud
ied extensively.36–40 In Fig. 3~a! the calculatedS(k) for Ga
at 375 K is presented. Except for the first peak, agreem
with experimental41 peak heights and positions measured
325 K is excellent. The calculation shows a slight shoul
on the low-k side of the first peak in strong disagreeme
with the experiment, which shows a shoulder to the right
the first peak. Rapeanu and Padureanu40 explain the split first
peak by the existence of remnants of Ga–I~smallerk! and
b-Ga ~largerk! in the liquid. The relative heights of the tw
peaks depend on temperature and sample preparation. I
explanation is correct, then our simulation has a prepon
ance of theb-Ga in the liquid rather than the Ga–I seen
experiment. Gonget al.38 relate the shoulder to the existen
of short-lived dimers. Perhaps the dimer lifetime in t
present calculations may be the cause of the disagree
with the experimental first peak. In Fig. 3~b! the pair corre-
lation function g(R) at 960 K is presented. The functio
shows a fairly broad peak first neighbor at;2.8 Å and a very
weak second neighbor peak at;5.4 Å. For comparison the
g(R) extracted from experimental data36 and ag(R) from
first principles42 is shown. The peak positions are almo
identical and the peak heights are very close to the MEA
calculation.

In Table V the properties of the melting transition of th
A11 phase are given. The calculated latent heat of meltin
about 8% greater than that found in experiment.32 The
MEAM calculation predicts that the A11 phase contra
upon melting in agreement with experiment.32 The calculated
contraction is about three-quarters of that seen in experim
As noted above the calculated melting point is about 2
higher than experiment.

FIG. 2. Calculated~symbols! and experimental~Refs. 30 and
35! ~line! values of the specific heat as a function of temperatu
10410
-

re
xi-

n.

nt
t
r
t
f

his
r-

ent

t

is

s

nt.

C. Structural stability

Since gallium undergoes a number of phase transfor
tions under pressure, the MEAM model has been used
investigate the energy and volume per atom of a numbe
phases. The results are presented in Table VI. A few a
tional GGA calculations were performed to test the mo
and these results are also included in the table. It is q
satisfying to note that the A11 structure is predicted to
lower in energy than any of the other phases calculated
addition, all of the experimentally observed phases, G
GaIII, GaIV, andb-Ga, are very close in energy to the A1
phase. Note that two equilibrium A20~b-Ga! phases are
found with different atomic volumes. The relative ener
differences are all in reasonable agreement with the G
calculations. In agreement with experiment, the A6 tetra
nal distortion of the fcc phase is seen.

Note that the predicted atomic volume for the GaII
significantly lower than that of A11, hence high pressure
vors its existence as observed in experiment. From the
culated energy vs volume the transition pressure is estim
to be ;7 GPa in good agreement with the experimen
value of 5 GPa.1 The predicted lattice constant at 2.6 GPa
5.83 Å is about 2% smaller than that of 5.95 Å measured
Bosio.43 Similarly, the predicted density for A6~GaIII! of
6.33 g/cm3 is about 4% below the experimental value of 6.
g/cm3 at 2.8 GPa.43 The MEAM model predicts atomic vol-

.

FIG. 3. Structure factor~a! for liquid Ga at 375 K for MEAM
~line! and 325 K for experiment~Ref. 41! ~symbols!. Radial distri-
bution function~b! for liquid Ga at 960 K for MEAM~dotted line!
at 982 K for first principles~Ref. 42! ~line! and at 959 K for ex-
periment~Ref. 36! ~symbols!.
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TABLE VI. Energies, volumes, and bulk modulus of various structures atT50 and zero pressure relativ
to the A11~GaI! structure. Note two distinct A20 structures are found.

Structure Energy~eV/atom! Volume Bulk
modulus

Space
group

Struktur
-bericht

Pearson
symbol

Common
name

MEAM GGA MEAM GGA MEAM

63 A20 oC4 b-Gab 0.007 1.008 0.97
220 cI12 GaII 0.062 0.854 1.08
227 A4 cF8 diamond 0.065 0.253 1.059 1.254 0.92
63 A20 oC4 b-Gab 0.077 0.904 1.00
194 A3 hP2 hcp 0.080 0.056 0.957 0.950 0.91
141 A5 tI4 b-Sn 0.089 0.823 1.13
139 A6a tF4 fct-GaIII 0.090 0.030 0.959 0.949 0.90
229 A2 cI2 bcc 0.095 0.051 0.872 0.966 1.01
225 A1 cF4 fcc-GaIV 0.097 0.043 0.953 0.950 0.91
221 Ah cP1 simple cubic 0.134 0.091 0.862 1.007 1.06
194 A9 hP4 graphite 0.202 1.024 0.88

afct ~tF4! and bct~tI2! are the same structure.
boC4 and mC4~space group 15! are essentially the same structure.
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.

umes for the fcc and hcp phases to be only slightly l
~95%! than the A11 atomic volume, in excellent agreeme
with the GGA calculations. For bcc and sc, MEAM predic
atomic volumes significantly smaller than the GGA pred
tion. A summary of the MEAM and GGA results for the hc
structure is given in Table VII. For the hcp structure t
GGA ~MEAM ! predicts ac/a ratio of 1.64~1.45!. The first-
principles calculation gives ac/a ratio slightly greater than
the ideal ratio, while MEAM gives a value significantly les
than ideal. It is an intrinsic property of a first neighb
MEAM model that thec/a ratio is less than ideal for a ma
terial in which the hcp structure is more stable than the
structure.

IV. SUMMARY

An atomic level MEAM model for Ga has been deve
oped. Using predominantly input from GGA calculations, t
parameters of the MEAM potential were determined. T
model agrees quite well with the GGA database. By test
the potential for both solid and liquid phases, it was de
mined that the model represents many properties of G
close agreement with experiment. Notable exceptions
clude thec/a ratio, a few elastic constants, and the~001!
surface relaxation for the A11 phase, and the first peak of
liquid structure factor. Properties investigated include ph

TABLE VII. Predicted properties of the hcp phase of gallium
Quantities presented are the lattice constanta, c/a ratio, and bulk
modulusB.

MEAM GGA

a ~Å! 3.13 2.996
c/a 1.45 1.644
B ~GPa! 53 48
10410
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stability and geometry at ambient pressure, elastic consta
thermal expansion, specific heat, diffusivity, viscosity, fr
surface stability and relaxation, and melting point.

APPENDIX

A number of detailed equations are collected here for
convenience of the reader. The partial electron densities u
in Eq. ~9! are given by the following equations:

~ r̄~1!!25(
a

F (
j ~Þ i !

Ri j
a ra~1!~Ri j !

Ri j
G2

, ~A1!

~ r̄~2!!25(
a,b

F (
j ~Þ i !

Ri j
a Ri j

b ra~2!~Ri j !

Ri j
2 G2

2
1

3 F (
j ~Þ i !

ra~2!~Ri j !G2

, ~A2!

~ r̄~3!!25 (
a,b,g

F (
j ~Þ i !

Ri j
a Ri j

b Ri j
g ra~3!~Ri j !

Ri j
3 G2

2
3

5 (
a

F (
j ~Þ i !

Ri j
a ra~3!~Ri j !

Ri j
G2

, ~A3!

where Ri j
a is the projection ofRi j in the a-direction. The

atomic electron densities used in to calculate the partial e
tron densities are given by

ra~ l !~R!5e2@b~ l !~R/r e!21#. ~A4!

The force on the first neighbor of a vacancy is given b
7-7
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f v5
AEc

r eZ
H 2b~0!1

1

Zr̄v
F11 lnS r̄v

Z D G(
l 50

3

t ~ l !~v l1wlb~ l !!J ,

~A5a!

r̄v5A~Z21!21t ~1!1 2
3 t ~2!1 2

5 t ~3!, ~A5b!

wherev150, 60, 26, 29 andw15132, 248, 10, 7.8 forl
50, 3 respectively, andr̄v is the background electron densi
at the vacancy~see Baskeset al.11 for details!.

The equations for the shear elastic constants used to
termineb (2) and t (2) are given by

c445
Ec

V
Fa22Ab~0!2

Z
1

2At~2!~b~2!22!2

Z2 G , ~A6a!

c112c12

2
5

Ec

V
Fa22Ab~0!2

2Z
1

At~2!~b~2!26!2

2Z2 G .

~A6b!

The equation for the hcp energy used to determinet (3) is

DEhcp5F~ r̄hcp/Z!, ~A7a!

where

r̄hcp5AZ21 1
3 t ~3!. ~A7b!

The equation for the vacancy formation energy used
determinet (1) is

E1v
f 5Ec1ZF~ r̄v /Z!, ~A8!

wherer̄v is given above in Eq.~A5b!.
v

ul.
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Screening of atomsi andk by an atomj was implemented
using the angular screening technique first described
Baskeset al.18 Both the pair potential and the atomic ele
tron densities are screened by the factor given by

Sik5 )
j Þ i ,k

Si jk . ~A9a!

Consider the ellipse drawn through the three atoms. T
equation of the ellipse is captured by the parameterC,

x21
y2

C
5S Rik

2 D 2

, ~A9b!

where

C5
2~Xi j 1Xjk!2~Xi j 2Xjk!221

12~Xi j 2Xjk!2 ~A9c!

and

Xi j 5S Ri j

Rik
D 2

;Xjk5S Rjk

Rik
D 2

. ~A9d!

There are two limiting ellipses captured by the paramet
Cmin and Cmax. For atom j outside the outer ellipse,C
.Cmax, Si jk51 and theij interactions are completely un
screened. Similarly for atomj inside the inner ellipse,C
,Cmin , Si jk50 and the ij interactions are completely
screened. For intermediateC an interpolation function is
used,

Si jk5F12S Cmax2C

Cmax2Cmin
D 4G2

. ~A9e!
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