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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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[. INTRODUCTION as the MEAM can sufficiently represent a complex material
such as gallium so as to be useful.

Gallium is a very complex element. Its compounds are of The models of tin and plutonium used experimental data
extreme importance in the electronics industry. The galliun@s input to the MEAM model. For the case of gallium, first
phase diagram shows the existence of one equilibrium soli@rinciples calculations were used to develop the database re-
phase A11(0C8, Ga) as well as the liquid phase at atmo- quired to determine the properties of the MEAM model.
spheric pressure and three additional equilibrium phases face
centered tetragondfct) (cl12, Gall), A6 (tF4, tI2, Galll), Il. THEORY
and fcc(GalV) at high pressuréWe present the structures in
various crystallography nomenclatures to aid the reader. In
addition a number of metastable phases are also readily The total energy of a system of monatomic atoms in the
formed at pressures around 10 GPa. One of the metastadEAM formalism i€"~° given by an expression of the form,
phasesB-Ga(mC4), is essentially the same structure as the
A20 (0C4) structure. The equilibrium phase at low pressure
is the orthorhombic A1l phase. This phase shows a signifi-
cant amount of dimerization. The melting point of gallium is o ) )
only slightly greater than room temperatug93 K). Wher_e the _|nd|ce$ andj denote the atoms. Th_e embedding

The embedded atom methdBAM), which is based on function F is the energy to gm_bed an a_tom mtolth.e back-
density functional theory, is by far the most widely useddround electron density at sitep;; and ¢ is the pair inter-
semiempirical atomistic method. Applications of the EAM action between atomisandj whose separation is given by
include calculation of properties of perfect and defectiveRij - In the EAM, p; is given by a linear supposition of
(free surfaces, point defects, grain boundaries, dislocation§pherically averaged atomic electron densities, while in the
etc) bulk metals and alloys as a function of temperature andiodified Embedded Atom MethoMEAM), p; has an an-
pressure. Recent research has led to models of similarly congular dependenck.
plex elements, tfhand plutoniun® These models were based ~ The pair potential between two atorggR) separated by
on the EAM (Refs. 4—6 which has been found to represent @ distanceR is given by
the properties of metals and alloys quite well. In the work on 2
tin |t. was found that the.model was able to.qufantltatlvely H(R)= = {EYR)—F(p°(R))}, )
predict the thermodynamics of the three equilibrium phases YA
of tin. The addition of angular forcésvas found to be criti- wherep®(R) is the background electron density at an atom
cal in explaining the behavior of complex crystal structures. . .
Thus the modified EAMMEAM) (Refs. 7—9is used here in vyhat |s'termed 'Fhe rgference structure, anl the number
to model the properties of gallium. of first neighbors in this structure. HeEg'(R) is the energy

One may question why are we interested in semiempiricaﬁ)e.r atom O.f the referenge structure as a f“”CF'Of_‘ of nearest
models when first-principles calculations have progressed tgelghbor d|stancé2,.obta|ned, €.9., from first pnnmpleslocal—

a high level of accuracy. The issue is simply practicality. ForCUI"’Itlons or the universal equation of state of Retel,

obtaining an understanding of complex phenomena in phys-

ics or materials science, many thousands of atoms are re- EY(R)=—E,

quired to simulate the relevant processes. In addition, the

desire to calculate statistical or thermodynamic propertiegyith

obviates the calculation of millions of energies. Unfortu-

nately first-principles calculations are just too slow to be (R )
o

A. Details of the model

1
E=2 [F(p)+52 (R, &Y
i J#i

14a*+ 2 sar3|ea" (3)
R

useful for these problems. Thus we are reduced to develop- ax= 4
ing simple models which mimic the real world. The chal-

lenge presented here is whether or not a simple model suamnd

0163-1829/2002/68.0)/1041079)/$20.00 66 104107-1 ©2002 The American Physical Society



M. I. BASKES, S. P. CHEN, AND F. J. CHERNE PHYSICAL REVIEW 66, 104107 (2002

90B TABLE I. Source and values of MEAM parameters for gallium.

= ©)

a

Parameter Source Value

whereE,, re, {1, andB are the cohesive energy, nearest-EC (eViatom) cohesive energy of fctGGA) 2 897

nelghpor distance, atomic vollu'mg, a_nd bulk modulus, re—re A) lattice constant of fc¢GGA) 4247
spectively, all evaluated at equilibrium in the reference struc-

ture. The paramete$ has been added to better represent the” bulk m;)dlflus of fCC(GC;Af‘)CGGA) 3'357
pressure derivative of the bulk modulus. In this work the er:ergy volume C?rve N dcf SGA 0'97
reference structure will be taken as the fcc, resulting in . relative energy of sc and fdGGA) :
B volume per atom of ALIGGA) 4.80
P2(R)=Zp2O(R), e BY force on atom near vacancy in f€GGA)  3.10
. ' o @ shear modulus fc¢GGA) 6.00
where p3© is an atomic electron density discussed below g) relative energy of fcc and ALIGGA) 0.50
andZ=12 is the number of nearest neighbors in the refery) vacancy formation energy in fdGGA) 272
ence structure. ) _ ) @ shear modulus fc¢€GGA) 2.06
In the MEAM the embedding functioR(p) is taken as (3 relative energy of fcc and hoSGA) 400
- — Crin thermal expansiofiexperiment 1.40
p._p
F(p)=AEIn, (7

Ga potentials are sufficiently transferable for a wide variety
of modeling and simulation environments.

We have used the ultrasaft)S) pseudopotentiaf of Ga

ith the generalized gradient approximatigB8GA) (Ref.
4) to the exchange-correlation energy using the VASP
code!®1®The 3410, 4s2, 4p electrons are treated as valence
electrons(total of 13 electrons For the fcc structure, we

whereA is an adjustable parameter.

The background electron density at a specific Sitejs
assumed to be a function of what we call partial electron
densities. These partial electron densities contain the angul
information in the model. The spherically symmetric partial
electron density(®) is the background electron density in

the EAM, used 20x20x20 Monkhorst-PacK k-point mesh in the
primitive cell. For the bcc, sc, A4, A6, All, and hcp struc-
p9=2 pO(Ry), (8) ture, a 16<16x 16, 16X 16X 16, 8x8x 8, 10<x10x 10, 8
17 X 8X8, and 6x6X 6 k-point mesh was used, respectively.
where the sum is over all atom®ot including the atom 4t The vacancy formation energy, without any structural re-

The angu'ar Contributions to the density are given by Sim“a[laxations, in a 32'at0m fcc-cell was calculated so the defect
formulas We|ghted by tha, Y, andz projections of the dis- energy can be C.a“brated fOI‘ the MEAM. The formula for the
tances between atorfis(see the Appendix for the detailed Vacancy formation energy is

formulag. The atomic electron densities are given by simple 10

exponentials with decay constg8{’, | =0—3. To obtain the Ef"=Ea~ (31/32E,,, 1D
l:_)ackground electron density from the partial electron densiwhereE, is the energy of atN-atom unit cell.

ties we make the assumption that the angular terms are a
small correction to the EAM. We combine the angular de-

pendence into one term C. Obtaining the model parameters

The MEAM parameters are obtained by using first prin-
3 ciples data for gallium with a reference lattice of the fcc. In
=2 tO(p0p®)2, (9  Table | the source of the first principles quantity and the
=1 resultant parameter value is given. The data used includes the
where thet(") are constants. The background density is therfohesive energf,, the lattice constana, the force on a
taken as neighbor to an unrelaxed vacandy,, and the elastic con-
stantsc;; of the fcc gallium. In addition, the energies of
p=p OV1+T. (10)  structuresX=sc, hcp, and All gallium relative to fcc gal-

lium, AEy and the volume of A1l galliunil ,, were used.

It has been shown that this formalism is equivalent to ane s andr.=a/.2 are determined by least squares fit-
Cc» ) L e vV

expansion gflghe background electron density in Legendrgng (g the energy vs volume obtained from the GGA calcu-
s

polynomials: lations. To obtairA, the following equation is used:
B. First principles method —E.+ 6E+0.5E,(1+ a;‘()e_a:c
The first principles calculations were performed to pro- A= 0.5, In(0.5)e "5 ’ 12

vide some physical properties of the fcc, hcp, simple cubic

(s0), bce, and A1l phases of Ga. Some of these quantities amhere

not readily available from experiment. These first principles

calculations were performed to insure that the fitted MEAM ag—= a(xge— 1), (13
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b:c: B(O)(Xsc_ 1), (14) D. Computational details

, . , The calculations presented below use either the molecular
and the rguo _of nearest distances in the sc structure to the fe§atics (MS) or the molecular dynamicéMD) technique.
structure is given by Typically the calculations for the solidiquid) phases used a

three-dimensional periodic cell 6£250 (4000 atoms with
Y= V2 (15) dynamic periodic boundarié8The surface calculations used
e 41k ~400 atoms in 2D geometry and hae40 A between the
two free surfaces. T 0 K properties reported below are all
An iterative procedure was used to calcul@@, using relaxed with the maximum force,<1 meV/A. Temperature
the volume of the A11 structure. The force on a neighbor tovas controlled using a standard Nes¢oover thermostat?
an unrelaxed vacancy is used to calculaf®. The analytic ~With a time constant of 0.1 ps. The quantities at temperature
equation giving this relationship is given in the Appendix are thermodynamic averages for over at least 10 ps from
(see Baskest al* for the derivation. The elastic constants Samples that had been equilibrated at temperature and pres-
of the fcc phase are used to determjg® andt® using Sure for at IeasF 10 ps. Statistical esrrors in energy <al®
equations presented in the Appendix which were derivedn€V/atom and in volume are:0.2 A¥atom. Average pres-
from Basked. It was found that no value g8 reproduced ~Sures were typically<100 MPa and average temperatures
the GGA elastic constart],=0.5 (C;1—Cy) and the GGA were typically within<1 K Qf the desired temperature. Er-
energy of the A11 phase simultaneously. The best agreemefff'S " the temperature derlvatl\{es are es@lmated to b.e apout
was found by choosing®=6. The relative energy of ALl * ::A’ The mrf'%g‘gup‘?'”‘ V;’ﬁ‘s estimated ';'S'ng the moving in-
and fcc is used to determing® under the constraint of terface method. Using this estimate of temperature as a

. . . starting guess, microcanonical ensemiNe\{ E) runs of the
wanting a reasonably good valueddf,. An iterative process .
. . ) . ) two-phase slab geometry were run at a few different vol-
is employed, as no simple analytic formula is available. The

! ) umes, resulting in average temperatures of two-phase coex-
hcplicc relatl\_/e energy 1s used to determt_n‘r“é an_d the va- istence at different pressures. These average temperatures
cancy formation energy is used to determifé using equa-

. din the A di hich ken f were interpolated to zero pressure resulting in the melting
gc;r;iegesente in the Appendix which were taken fromy,in The error in melting point was assessed to-5?.

= houah th letel The liquid structure factor was calculated as the Fourier
ven t oug the parameters are hot completely UNCOM&iansform of the radial distribution function, which was av-
lated, there is a very close connection between each piece

screening was implemente@ee the Appendjxusing the

liquid sphere of~1000 atoms and the potential energy of an
values,C,,,=1.4 andC,,,x=2.8, as in the method of Baskes a b P 9y

equivalent number of bulk liquid atoms at the same tempera-

18 : :
etal’® As shown in Baskés the choice ofCyy strongly e "divided by the surface area of the sphere. Entropy dif-
effected the thermal expansion. Thus we detern@ig, by  ferences were not calculated. When statistical errors are

fitting to the experimental value for the thermal expansiongqted in the text, the error represents one standard deviation

coefficient. For computational convenience, a radial cutoff ofyatermined from multiple runs

5.0 A was also usetf o , The transport properties of liquid gallium presented below
The procedure of parameterization may be summarized gg;jized Green—Kubo formalisi#f: In order to obtain mean-
follows: ingful statistical information for the transport properties we

(§N)] E., a, 6, andrez aly2 are determined by least squares utilized the method of overlapped data collectfor total of
f|tt|ng to the fCC energy VS V0|ume Obtained from the 2000 indiVidUaI Correlation funCtionS were Overlapped W|th a

GGA calculations: spacing of 0.1 ps. This choice allowed sufficient decay in the
(2) Ais determined from E¢12) using the properties of the stress correlation function to not effect the results. The total
sc phase; length of the correlation function was 1 ps. The total length

of the transport simulations was2 ns. The simulations used

a microcanonical ensembI®(V E) of 1372 atoms with pe-
jodic boundaries such that the average pressure was zero.
he energy conservation of the functions was excellent. The

temperature fluctuations werelO K and the pressure fluc-

(5) The elastic constants of the fcc phase are used to dEztetrl]ations were<800 bar. We estimate the statistical error in

i (2) () ysi .
mm_eﬁ . andt using Eqs.(A6); . . the self-diffusion coefficient to bec3% and the viscosity to
(6) An iterative process is used to determig€’, using the be <8%.

relative energy of A1l and fcc;
(7) The hcplfcc relative energy is used to determifié us-

(3) An iterative process is used to calcula®€”, using the
volume of the A1l structure;

(4) The force on a neighbor to an unrelaxed vacancy is use
to calculateBt) using Eqs.(A5);

ing Egs.(A7); . . lll. RESULTS AND DISCUSSION
(8) The vacancy formation energy is used to deterntfhe -
using Eq.(A8); A. How the model compares to the first principles database
(9) An iterative process is used to determidg;,, using the Using the GGA, the equilibrium cohesive energy, lattice

experimental value for the thermal expansion coefficientconstantc;;, €12, C44 and bulk modulus were calculated and
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TABLE II. Quality of the fit quantities. Properties presented for ~ TABLE lll. Predicted properties for gallium in the A1l struc-
the fcc structure are the lattice constanthe elastic constants; , ture. Quantities presented are cohesive en&gyatomic volume
the bulk modulusB which equals €1+ 2¢45)/2, the second cubic (), lattice constants, b, ¢ internal coordinateg andz, and dimer
shearc;, which equals €,,—c1,)/2, the unrelaxed vacancy forma- bond length at 0 K. The thermal expansion coefficient CTE, anisot-
tion energyE/ , and the force on an atom next to a vacarfigy ropy of thermal expansionAL;/L;)/AT for each directioni, and
Energies presented for the simple cubic structig;, the hcp  specific heaC, are calculated at 300 K. The crystal structure pa-
structureAEypg,, and the A1 structurAE,y; are relative to the fcc  rameters are based on an Abma analysis. Quoted statistical errors
structure. The volume per atom for the sc and hcp phases were hetdpresent one standard deviation. Experimental values are for room
fixed at the fcc volume per atom. The A1l structure is completelytemperature.
relaxed. All of the MEAM quantities in this table were fit and are

not predictions. MEAM Experiment GGA

MEAM GGA E. (eV/atom —2.994 —2.969 —2.940
Q (A%atom 19.39 19.47 20.15

E. (eV/atom 2.897 2.897 aR) 4.82 4.52 4.569

a(A) 4.247 4.247 b (A) 453 451 4.564

cy1 (GPa 49 40 c(A) 7.11 7.64 7.731

C12 (GPa 54 59 X 0.067 0.079 0.083

C44 (GPA 5 5 z 0.167 0.153 0.156

B (GPa 53 52 Dimer bond lengtHA) 2.456 2.444 2.529

ci, (GPa -3 -10 CTE (10 9/K) 589 55

El, (eV) 0.50 0.48 (AL,/L)/AT (10 %K) 11+4 16.5?16.3°17.9

f, (eV/A) -0.12 -0.13 (ALp/Ly)/AT (10°9/K) 10=6  11.5°3.7°9.(f

AEg (eV/atom 0.067 0.068 (AL /L/AT (10°8/K)  36+3  31.5733.5¢29.¢f

AEy, (V/atom —0.013 —0.018 C, (/K mol) 24.9+0.1 25.8

Q a1y (A%atom 19.39 20.15

AE,y; (eViatom ~0.097 ~0.043 °Reference 32.

bReference 44.
‘Reference 45.

d
. . Reference 46.
are presented in Table Il. The shear modely and c;, eReference 30

=0.5 (cy-C1p) are very small. These values are muchigi to gGA.
smaller than those found in e.g., fcc-Al. In faat;,<O 9Fit to experiment.
showing that the fcc phase is unstable with respect to a te-
tragonal distortion as seen by oth&ts?® The differences in B. How the model compares to experiment
the MEAM and GGA elastic constants are due to the fact that The model is now used to calculate the properties of the
¢, could not be fit exactly, as discussed above. The vacancyquilibrium A11 and liquid phases. The results are presented
formation energy was calculated to b@.5 eV, which when in Tables IlI-V. The calculated cohesive energy and atomic
compared to the melting point, is significantly higher thanvolume for the A1l phase are in excellent agreement with
for other metals e.g., Al or Ni. The force on the neighboringexperiment. The lattice constants vary slightty7%) from
atoms to the vacancy is calculated to$6.12 eV/A, where  experiment, but their changes are in opposite directions, re-
the sign is used to indicate that the force is directed radiallyulting in good agreement with the experimental volume.
toward the vacancy as is found in many other metals. Thehe internal atomic coordinatég,2 are in excellent agree-
structural energies of sc, hcp, and A1l are also given in Tablgent with experiment and the predicted dimer len@455
Il. The sc and hcp volume per atom was held fixed at thed) is within 1% of that seen in experimef®.444 A). For
volume per atom calculated for fcc. The¢a ratio for hcp  completeness the results of our GGA calculations for the A11
was held at the ideal ratio. The A1l structure was completelyhase are also presented in Table Ill. For the A11 phase these
relaxed. GGA results give similaib/a and c/a ratios as previous
The model is first exercised to calculate the properties that DA calculations by Bernascorsit al,?® but yield a volume
were used as input from the first principles calculations. Thenuch closer(+3%) to experiment than Bernascoet al.
results are shown in Table II. All of these quantities for the(—9%). The coefficient of thermal expansi¢@TE) has been
fcc phase are derived from fully relaxed calculationsTat fit to experiment and the quality of the fit is good. The an-
=0K and zero pressure except for the force on the atonisotropic expansion behavior is correctly captured with the
next to the vacancy, which was calculated at constant volumeslative length changes in the crystal directions being in the
and atom positions. The structural energies for sc and hcprderc>a>b. The statistical errors in the calculation of the
were calculated at constant fcc volume and for A1l at zeranisotropic behavior are very large. The specific heat is in
pressure to mimic the GGA calculations. The agreement witlexcellent agreement with experimefit.
the database is excellent in all cases except for the A1l en- The elastic constants are calculated at0 K by comput-
ergy that was a bit more stable than the GGA calculation anghg the second derivative of the energy with respect to spe-
the c;, elastic constant discussed above. cific distortions of the lattice. All elastic constants are posi-
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TABLE |V. Predicted elastic constants for the A1l structure of
gallium. Quantities presented are the bulk moduBshe elastic
constantsc;;, and the shear elastic constamﬂ§=(0.5(c“+c”)
—¢;jj)/2. Calculated values are far=0 K, while the experimental
values are for room temperature.

MEAM (GPa Experiment (GPa

B 58 550 49
Cyy 74 100
Coo 97 90
Ca3 78 135
Cas 14 35
Ces 11 42
Ces 22 40
Cip 53 37
Ci3 30 33
Cos 65 31
Cip 17 29
Cis 16 42
Cog 23 41

aReference 32.
PCalculated from the experiment&landu.
‘GGA.

tive indicating that the A11 structure is staljgme Table IV.
There is qualitative agreement with the experimental elastic
constants measured at room temperature. For comparison,
the calculated bulk modulus &t=0 K from GGA is 49 GPa.

The (001) surface energy and relaxations were also calcu-
lated. There are two possible surface terminations as dis-
cussed by Walkeet al®* The A termination maintains the
dimer bonds while thé® termination splits the dimer bonds.
The MEAM calculations give a relaxed surface energy of
0.83(0.63 J/nt for the A (B) terminations. Thus thé ter-
mination is predicted to be favored in agreement with experi-
ment. Surfaces with both terminations underwent significant
atomic relaxation. For thB terminated surface the first three
interplanar spacings are predicted to change by 2.0%,
—0.2%, and 0.0% in poor agreement with the experimental
relaxation of—9.6%, 10.2%, and-0.9%.

The liquid propertiegFig. 1) are in reasonable agreement

Density (g/cm3)
Diffusivity (cm2?/s)

Viscosity (mN s/m?2)
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a)

106

400 600 800 1000
Temperature (K)

1 2 3 4

1000 / T (K")

c)

0
200

400 600 800 1000
Temperature (K)

FIG. 1. Calculatedsymbolg and experimenta(Refs. 33 and

with experiment. The calculated melting point of 363K 34) (line) values of densitya), diffusivity (b), and viscosity(c) of
is about 20% greater than experin®n803 K). We found  liquid Ga as a function of temperature.

that by reducindC,;, to 0.7 the calculated melting point was
reduced to~320 K. Unfortunately at thi€,,, the thermal

expansion coefficient for the A1l structure was nearly a fac-
tor of 2 greater than experiment. The predicted derj§ity.

_ o - _ 1(a)] and its temperature derivative agree nicely with
TABLE V. Properties for A1l to liquid transition in gallium. experiment® The diffusivity [Fig. 1(b)] at high temperature
Quantities presented are the heat of fusids, the relative volume is somewhat lower than experiméﬁtbut the activation en-
change on melting\V/V, and the melting poinT,. The heat of &gy for diffusion(slope of the curve as plotted in reason-

fusion and volume change were calculated at 375 K.

[Fig.

able agreement with experiment. The calculated viscosity
1(c)] agrees nicely with experiment at high
temperaturé® but it increases more rapidly than experiment

MEAM Experiment
AH (eV/atom 0.063 0.058
AVIV —2.5% —3.2%
Tm (K) 3675 303

%Reference 32.

as the temperature is lowered. In Fig. 2 the specific heat is
compared to experiment. The high temperature specific heat
in the liquid compares quite favorably with experimént.
The temperature dependence of the specific heat in the liquid
is in reasonable agreement with experiment, as may be seen
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35 2.5
a)
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£ ",
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2 - =)
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< | . TTmeellt .,
g 25447, T
©
2
b 0 - ‘
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20 : : : k (A7)
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3 ; -
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FIG. 2. Calculatedsymbolg and experimenta(Refs. 30 and 5 |

35) (line) values of the specific heat as a function of temperature.

g(R)

[

¥
by extrapolatingdotted ling the experimental high tempera- ;| !
ture specific heat to the low temperature specific heat of Am- i

itin et al3° Similarly the solid specific heat agrees well with ‘;5"
experimert’ as noted above, even though the temperature g . . ‘
dependence appears to be incorrect. The calculated approxi- 5 g M 5 &

mate surface tension at 375 K of 0.55 3/ in reasonable
agreement with the experimental vaitief 0.72 J/nf. Note R (A)
that entropy effects were not included in the surface tension.

The structure factog(k) of liquid gallium has been stud- (line) and 325 K for experimentRef. 41 (symbolg. Radial distri-

; ; 6-40 ;
ied extenswel;?. In Fig. 3(@) the calculatedS(k) for Ga bution function(b) for liquid Ga at 960 K for MEAM(dotted ling

at_ 375 K i_s presented. Exc_ept for the fir_s_t peak, agreemenc{t 982 K for first principlegRef. 42 (line) and at 959 K for ex-
with experimentdf peak heights and positions measured aberiment(Ref. 36 (symbols.

325 K is excellent. The calculation shows a slight shoulder
on the lowk side of the first peak in strong disagreement
with the experiment, which shows a shoulder to the right of
the first peak. Rapeanu and Paduré3euplain the split first Since gallium undergoes a number of phase transforma-
peak by the existence of remnants of Gdsthallerk) and  tions under pressure, the MEAM model has been used to
B-Ga (largerk) in the liquid. The relative heights of the two investigate the energy and volume per atom of a number of
peaks depend on temperature and sample preparation. If thiases. The results are presented in Table VI. A few addi-
explanation is correct, then our simulation has a prepondetional GGA calculations were performed to test the model
ance of theB-Ga in the liquid rather than the Ga-I seen in and these results are also included in the table. It is quite
experiment. Gongt al relate the shoulder to the existence satisfying to note that the A11 structure is predicted to be
of short-lived dimers. Perhaps the dimer lifetime in thelower in energy than any of the other phases calculated. In
present calculations may be the cause of the disagreemeaddition, all of the experimentally observed phases, Gall,
with the experimental first peak. In Fig(l8 the pair corre- Galll, GalV, andB-Ga, are very close in energy to the A1l
lation function g(R) at 960 K is presented. The function phase. Note that two equilibrium A2(3-Ga phases are
shows a fairly broad peak first neighbor-a2.8 A and avery found with different atomic volumes. The relative energy
weak second neighbor peak a6.4 A. For comparison the differences are all in reasonable agreement with the GGA
g(R) extracted from experimental dafsand ag(R) from  calculations. In agreement with experiment, the A6 tetrago-
first principled? is shown. The peak positions are almostnal distortion of the fcc phase is seen.
identical and the peak heights are very close to the MEAM Note that the predicted atomic volume for the Gall is
calculation. significantly lower than that of A11, hence high pressure fa-
In Table V the properties of the melting transition of the vors its existence as observed in experiment. From the cal-
A1l phase are given. The calculated latent heat of melting isulated energy vs volume the transition pressure is estimated
about 8% greater than that found in experim&nfThe to be ~7 GPa in good agreement with the experimental
MEAM calculation predicts that the A1l phase contractsvalue of 5 GP&. The predicted lattice constant at 2.6 GPa of
upon melting in agreement with experiméAfthe calculated 5.83 A is about 2% smaller than that of 5.95 A measured by
contraction is about three-quarters of that seen in experimenﬁsosio.43 Similarly, the predicted density for A€Galll) of
As noted above the calculated melting point is about 2096.33 g/cni is about 4% below the experimental value of 6.57
higher than experiment. glent at 2.8 GP42 The MEAM model predicts atomic vol-

FIG. 3. Structure factofa) for liquid Ga at 375 K for MEAM

C. Structural stability
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TABLE VI. Energies, volumes, and bulk modulus of various structurds-ad and zero pressure relative
to the A11(Gal) structure. Note two distinct A20 structures are found.

Structure EnergyeV/atom Volume Bulk
modulus

Space Struktur Pearson Common MEAM GGA MEAM GGA MEAM
group  -bericht  symbol name
63 A20 oC4 B-G& 0.007 1.008 0.97
220 cl12 Gall 0.062 0.854 1.08
227 A4 cF8 diamond 0.065 0.253 1.059 1.254 0.92
63 A20 oC4 B-G& 0.077 0.904 1.00
194 A3 hP2 hcp 0.080 0.056 0.957 0.950 0.91
141 A5 tl4 B-Sn 0.089 0.823 1.13
139 A6 tF4 fet-Galll 0.090 0.030 0.959 0.949 0.90
229 A2 cl2 bcc 0.095 0.051 0.872 0.966 1.01
225 Al cF4 fcc-GalVv 0.097 0.043 0.953 0.950 0.91
221 A, cP1 simple cubic 0.134 0.091 0.862 1.007 1.06
194 A9 hP4 graphite 0.202 1.024 0.88

&ct (tF4) and bct(tl2) are the same structure.
®oC4 and mC4space group D5are essentially the same structure.

umes for the fcc and hcp phases to be only slightly lesstability and geometry at ambient pressure, elastic constants,
(95%) than the A1l atomic volume, in excellent agreementthermal expansion, specific heat, diffusivity, viscosity, free
with the GGA calculations. For bcc and sc, MEAM predicts surface stability and relaxation, and melting point.

atomic volumes significantly smaller than the GGA predic-

tion. A summary of the MEAM and GGA results for the hcp

structure is given in Table VII. For the hcp structure the APPENDIX

GGA (MEAM) predicts ac/a ratio of 1.64(1.45. The first- A number of detailed equations are collected here for the

principles calculation gives e/a ratio slightly greater than convenience of the reader. The partial electron densities used
the ideal ratio, while MEAM gives a value significantly less in Eq. (9) are given by the following equations:

than ideal. It is an intrinsic property of a first neighbor
MEAM model that thec/a ratio is less than ideal for a ma-

@ al)/p ]2
terial in which the hcp structure is more stable than the fcc —1) 2:2 2 Rij (Rij) Al
(p*™) 2 - : (A1)
structure. = | i) R
apfB al2)ip..\12
IV. SUMMARY G2 { RiR] a2 (Rij)
An atomic level MEAM model for Ga has been devel- ap |i(#) Rij
oped. Using predominantly input from GGA calculations, the 1 2
parameters of the MEAM potential were determined. The 21> pARH| (A2)
model agrees quite well with the GGA database. By testing 317 )
the potential for both solid and liquid phases, it was deter-
mined that the modgl represgnts many properties Qf Ga' in RYRERY pA3(R.1) ]2
close agreement with experiment. Notable exceptions in- (p'¥)2= i 'J3 g
clude thec/a ratio, a few elastic constants, and tf@01) a,By [ j(#1) Ri]
surface relaxation for the A11 phase, and the first peak of the )
- L . . 3 R p23)(R;)
liquid structure factor. Properties investigated include phase 2 ij ij
> P I G
a J(#i ij

TABLE VII. Predicted properties of the hcp phase of gallium.

Quantities presented are the lattice constri/a ratio, and bulk where Rio]g is the projection OfRij in the a-direction. The

moduluet atomic electron densities used in to calculate the partial elec-
MEAM GGA tron densities are given by

a(A) 3.13 2.996 A — o 18RI 1]

cla 1.45 1.644 p*(R)=e : (A4)

B (GPa 53 48

The force on the first neighbor of a vacancy is given by
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AE 1 ) 3 Screening of atomsandk by an atonj was implemented
f,= ZC —,8(°)+Z_ 1+In %” tO'+w' g, using the angular screening technique first described by
Fe Po 1=0 Baskeset al'® Both the pair potential and the atomic elec-
(A58 {ron densities are screened by the factor given by
Fu=\/(2—1)2+t(1)+%t(2>+§t<3), (A5b)

3k:,H Sijk - (A9a)
wherev'=0, 60, —6, —9 andw'=132, —48, 10, 7.8 forl 7k
=0, 3 respectively, anf, is the background electron density consider the ellipse drawn through the three atoms. The

11 ; ) : .
at the vacancysee Baskest al.™ for details. equation of the ellipse is captured by the paraméer
The equations for the shear elastic constants used to de-

termine 3 andt® are given b 2 [Ri\?
B given by X+ = 2] (A9b)
E.[a?-ABY" 2AL2(p?-2)2
04425 ~ + 2 ,  (A6a) where
2( X+ X ) — (X — X ) 2= 1
cu-ciyEd[a*-ABY" AtZ(5P-6)2 R Ty (A%)
e p— |
2 o 2z 272 ' b
(AGb) and
. qﬁ)e Ri. 2 R.k 2
The equation for the hcp energy used to determifeis Xo=| | - (= ik (A9d)
_ PR T Ry
AEpey=F(pnep/2), (A7a) _— :
There are two limiting ellipses captured by the parameters
where Cmin and C, .. For atomj outside the outer ellipseC
o >Cmax Sijk=1 and theij interactions are completely un-
Phop= VZ7+ 5t (A7b)  screened. Similarly for atom inside the inner ellipseC

) . <Cpmin, Sjk=0 and theij interactions are completely
The equation for the vacancy formation energy used tQcreened. For intermediat® an interpolation function is

determinet™® is used.
f J—
El,=E.+ZF(p,/2), (A8) Crmac— C |*]?
. . Sik=[1- C ¢ (A9e)
wherep, is given above in Eq(A5b). max~ “min
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