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Ab initio molecular-dynamics simulation of liquid Ga-Ge alloys
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We report the results ofab initio molecular-dynamics simulations of liquid Ga-Ge alloys at four different
concentrations. The physical quantities studied include the partial structure factors, bond-angle distributions,
self-diffusion coefficients, electronic density of states, and the electrical conductivity. The introduction of Ga
causes a distinct reduction of the shoulder in the structure factor of purel -Ge. Correspondingly, the partial
structure factors, pair correlation functions, and bond angle distribution functions all show behavior character-
istic of simple liquid metals except at 80% Ge. The electronic density of states shows a behavior consistent
with the structure: it evolves from having a distinct pseudogap at low concentrations of Ga to being almost
free-electron-like for high Ga concentrations. The calculated behavior of the electrical conductivity agrees
qualitatively with previous calculations based on the Faber-Ziman theory of liquid alloys. The self-diffusion
coefficientsDGe-GeandDGa-Gaare consistent with previous calculations and available experiments for the pure
liquids. @S0163-1829~98!00517-7#
n
in
ve
et
ru
fu
e

nd
ic

be
o

th
n

y
m
t

-
s
re
h
t-
s

er

y
hi
d
tio

ud
e
in

stal

out
-

onic
imer

of
,
n,

ent

In
on
IV.

-
of

al-

ted
the
h a
l
o
the
I. INTRODUCTION

The properties of liquid semiconductors are of both fu
damental and practical interest. From a basic viewpo
many such liquids, such as Si and Ge, are metallic, e
though in the solid phase they are semiconductors; the m
insulator transition on melting suggests a substantial st
tural change. From a more practical viewpoint, most use
semiconductors are grown from the melt. Thus, the prop
ties of such melts, including the electrical conductivity a
atomic transport coefficients, are important parameters wh
enter into the equations governing crystal growth. The
havior of liquid semiconductor alloys and compounds is
equal importance. There are many compounds, such
GaAs, which are of great commercial value. In addition,
pure semiconductors are strongly influenced by the prese
of n- andp-type impurities such as As and Ga.

Until recently, most calculations of either the thermod
namic or transport properties of liquid metals and alloys e
ployed a perturbation approach, based on the assumption
the electron-ion interaction was weak.1,2 However, since the
pioneering work of Car and Parrinello,3 it has become pos
sible to carry outab initio molecular dynamics simulation
for these systems. In this approach, the electronic structu
calculated quantum mechanically, by effectively solving t
Kohn-Sham equations,4 in order to determine the forces ac
ing on the ions; the ionic motion itself is handled using cla
sical dynamics. For many liquids such asl -Si andl -Ge, the
persistence of covalent bonding above the melting temp
ture necessitates a fully quantum-mechanical calculation
the electronic structure. However, the price one has to pa
that we can only study relatively small systems using t
approach. Nonetheless, a number of groups have useab
initio approaches to obtain useful and accurate informa
about liquid metals and alloys.5–7

In this paper, we present the results of a simulation st
of liquid Ge12xGax at four concentrations just above th
melting temperature of pure Ge. This alloy system is of
terest because Ga is a common impurity inl -Ge, whose
570163-1829/98/57~17!/10476~6!/$15.00
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transport properties are of interest in order to model cry
growth. In addition, of course, Ga is a commonp-type dop-
ant in solid semiconductors. Our calculations are carried
using ab initio molecular dynamics; in the version we em
ploy, as opposed to the Car-Parrinello scheme, the electr
degrees of freedom are converged to the Born-Oppenhe
surface before each ionic move. In a previous work,8 we
used this approach to calculate a number of properties
pure liquid Ge (l -Ge!, including the ionic structure factor
electronic density of states, bond-angle distributio
frequency-dependent conductivitys(v), and atomic self-
diffusion coefficient at several temperatures. The pres
work extends the same approach tol -GaxGe12x .

The remainder of this paper is organized as follows.
Sec. II, we briefly review our method of calculation. Secti
III describes our results, and a discussion follows in Sec.

II. METHOD AND COMPUTATIONAL DETAILS

To carry out ourab initio calculations, we use the stan
dard plane-wave pseudopotential method. The details
the code used can be found in the literature.9,10

The exchange-correlation potential is calculated within loc
density approximation~LDA !, using the Ceperley-Alder
form as parametrized by Perdew and Zunger.11 We use
generalized norm conserving pseudopotentials12 in the
Kleinman-Bylander13 form with the d-wave part treated as
the local component.

In order to test the pseudopotentials we have calcula
some of the structural properties for both Ga and Ge in
crystalline phase. The results for Ge were obtained wit
plane-wave energy cutoff of 25 Ry and using ten speciak
points in the irreducible wedge of the Brillouin zone. T
determine the lattice constants and bulk moduli, we fitted
calculated energies to the functional form14

E5A1BV21/31CV22/31DV21, ~1!
10 476 © 1998 The American Physical Society
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57 10 477Ab initio MOLECULAR-DYNAMICS SIMULATION OF . . .
whereE andV are the energy and volume per atom, resp
tively. The resulting calculated values of the lattice const
and the bulk modulus were 5.59 Å and 72.3 GPa, in go
agreement with the experimental values of 5.65 Å and 7
GPa. For Ga, we carried out these tests on thea phase. This
crystal structure has a base-centered orthorhombic Bra
lattice specified by the experimentally determined15 lattice
parametersa54.52 Å, b54.53 Å, c57.66 Å. In our tests,
we have fixed the ratios of these three lengths at their exp
mental values and varied the single parametera. Using a
plane-wave cutoff of 20 Ry and 39 specialk points, we ob-
tained the calculated valuesa54.38 Å, b54.37 Å, c57.40
Å. These are nearly identical to the values obtained in p
vious ab initio simulations.16,17

We carry out the liquid-state molecular dynamics simu
tions at 1273 K at four concentrations of Ga in Ge rang
from ;20 to ;80 % and a 64-atom supercell with period
boundary conditions. These concentrations correspond to
26, 38, and 51 Ga atoms. For each concentration, the in
configurations are generated from the results of a previo
reported molecular dynamics simulation of liquid Ge~Ref. 8!
at 1250 K, but with the appropriate number of Ge ato
randomly replaced by Ga. The densities for the four conc
trations are determined from the experimental densities18 of
pure liquid Ge and Ga, using Vegard’s law~linear interpola-
tion of atomic volumes! to obtain the densities for the alloys
We use a plane-wave energy cutoff of 10 Ry andG-point
sampling for the supercell Brillouin zone. Since we exp
the liquid system to be metallic, we use standard Fer
surface broadening, taking the temperature of the electr
subsystem askBTel 5 0.1 eV. In calculating the electroni
wave functions we include eight empty bands for each c
centration. The ionic temperature is controlled by means
Nosé-Hoover thermostat19,20and the equations of motion ar
integrated using the Verlet algorithm with an ionic time-st
of 125 a.u. (;3 fs!. After an initial equilibration period of
about 0.2 ps, simulations were carried out for more than 3
at each concentration.

FIG. 1. Partial pair correlation functiongGe-Ge(r ) for liquid
Ge12xGax at the four concentrationsx50.2,0.4,0.6, and 0.8.
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III. RESULTS

Figure 1 shows the partial pair-correlation functio
gGe-Ge(r ) for the four alloys Ge12xGax with x50.2,0.4,0.6,
and 0.8. For comparison, we have shown in Fig. 2 the p
correlation functiongGe-Ge(r ) with x50.2 contrasted with
the experimental results18 for pure l -Ge at a similar tem-
perature. A number of features deserve mention. First,
position of the principal peak, which occurs atr 52.61 Å, is
virtually unchanged from the value calculated for purel -Ge
(r 52.63 Å!.8 However, theheight of that peak is reduced
from ;2.4 to ;2.2. In purel -Ge, gGe-Ge(r ) also shows a
weak intermediate peak between the two principal pea
This intermediate peak reflects the characteristic feature
the structure factor in purel -Ge, namely, the presence of
shoulder occurring atk52kF distinct from the primary peak
in the structure factorS(k) ~see below!. However, as can be
seen from Fig. 2, this intermediate peak has already flatte
out at x50.2. One would expect that this flattening wou
correspond to a weakening of the shoulder in the struc
factor at nonzerox. This is indeed the case, as will be di
cussed below. A final point is thatgGe-Ge(r ) is becoming
noisier as the concentration of Ge is reduced. This is sim
a consequence of the smaller number of Ge atoms which
included at these lower concentrations.

Figure 3 shows the partial correlation functionsgGa-Ga(r )
at the same concentrations. The principal peak seem
show a slight shift to smallerr as the concentration of G
diminishes; in general, this peak occurs at about the samr
as that ofgGe-Ge(r ), suggesting that the ‘‘atomic sizes’’ ar
similar in the liquid. The data is, as expected, noisier at
lowest concentrations of Ga. We can compare the res
obtained by us forgGa-Ga(r ) with x50.8 with the experimen-
tal results21 and simulations16 for pure l -Ga obtained atT
5982 K. Since our simulations are at a higher temperat
than the experimental results, it is instructive to note
temperature dependence seen in previous simulations16 for

FIG. 2. Partial pair correlation functiongGe-Ge(r ) for liquid
Ge12xGax with x50.2 at T5 1273 K compared to experimenta
pair-correlation function for purel -Ge at T 5 1253 K. Dashed
lines: present calculations. Circles: experiment~Ref. 1!. The inset
shows the results of previous calculations~Ref. 14! for pure liquid
Ge as compared to experiment~Ref. 1!.



he

o

n-

t
G

th

re
s

to
r

r
iq-
e
ow-
e is
.

e

.

re

.

10 478 57R. V. KULKARNI AND D. STROUD
pure l -Ga. With increasing temperature, the height of t
principal peak ingGa-Ga(r ) shows a marked reduction~from
;2.6 atT 5 702 K to ;2.2 for T 5 982 K! and shows a
slight shift to smallerr . Our results forgGa-Ga(r ) with x
50.8 show a principal peak atr 52.55 Å with a peak height
of ;1.9 as compared tor 52.67 Å and;2.2 for the simu-
lations for the pure liquid atT5982 K. These values seem t
be consistent with the trend noted above.

We turn next to the partial structure factorsSGe-Ge(k) and
SGa-Ga(k), shown in Figs. 4 and 5 for the four alloy conce
trations. The most striking feature in the calculatedSGe-Ge(k)
is the shoulder on the large-q side of the principal peak. This
shoulder is quite pronounced in purel -Ge, in agreemen
with experiment, but it disappears rapidly with increasing
concentrationx. In fact, it has almost disappeared byx
50.2 as indicated in Fig. 6, a fact that is also reflected in
flattening of the intermediate peak ingGe-Ge(r ) as mentioned
earlier. Also, there is a distinct increase in the low-k values

FIG. 3. Partial pair correlation functiongGa-Ga(r ) for liquid
Ge12xGax at the four concentrationsx50.2,0.4,0.6, and 0.8.

FIG. 4. Partial structure factorSGe-Ge(k) as a function of wave
vectork ~in Å 21) for liquid Ge12xGax at the four concentrations
x50.2,0.4,0.6, and 0.8.
a

e

of SGe-Ge(k) in comparison to the structure factor for the pu
liquid. By x50.8, in spite of the poor statistics, Fig. 4 show
thatSGe-Ge(k) is similar to that of a dilute gas, being close
unity except at very smallk. The partial structure facto
SGa-Ga(k) behaves similarly to that of a conventional~hard-
sphere-like! liquid metal atx50.8, crossing over to nearly
ideal-gas-like behavior atx50.2. Comparing our results fo
x50.8 with the published experimental results for pure l
uid Ga atT5982 K ~Ref. 21! we see that the positions of th
principal and secondary peaks are basically unchanged; h
ever, the height of the principal peak is reduced and ther
a distinct increase in the low-k values of the structure factor

In Figs. 7 and 8, we show thebond angle distribution—
that is, the distribution of angles formed by triplets of G
atoms forx50.2 and of Ga atoms atx50.8, such that all
three atoms lie within a suitable cutoff radiusr c . For com-

FIG. 5. Partial structure factorSGe-Ge(k) for liquid Ge12xGax at
the concentrationx50.2 compared to the experimental structu
factor for purel -Ga atT 5 1253 K ~Ref. 1!. The inset shows the
results of previous calculations~Ref. 14! for pure liquid Ge as com-
pared to experiment~Ref. 1!.

FIG. 6. Partial structure factorSGa-Ga(k) as a function of wave
vectork ~in Å 21) for liquid Ge12xGax at the four concentrations
x50.2,0.4,0.6, and 0.8.
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parison, we also show the corresponding distribution for p
l -Ge in the inset for Fig. 7. Forx50.2, the bond angle
distribution, such as that of pure Ge, shows a slight pea
;60°, corresponding to a close-packing arrangement. H
ever, the peak observed in our pure Ge simulations at;100°
has been reduced to a barely detectable and rather b
plateau atx50.2. This indicates that the addition of on
; 20% of Ga already reduces the degree of covalent bon
present in purel -Ge, in agreement with the disappearan
of the shoulder inSGe-Ge(k) at that concentration. The bond
angle distribution for Ga clusters atx50.8 is quite uniform
except for a weak peak near;60°. This indicates close
packed bonding characteristic of simple liquid metals.

We have also calculated the values of the self-diffus
coefficients for Ge atomsDGe-Ge~at 20% Ga! andDGa-Ga~at
20% Ge!, obtained in both cases by examining the me
square displacements of the respective atoms as a functio
time as in our previous work for pure Ge~see Fig. 9!. The
self-diffusion coefficients can be extracted from the equat

FIG. 7. Calculated bond angle distribution function for Ge
oms in liquid Ge12xGax with x50.2 and different choices for the
cutoff radiusr c . The inset shows the calculated bond angle dis
bution for pure liquid Ge~Ref. 8!.

FIG. 8. Same as Fig. 7, but for Ga atoms andx50.8.
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^uRI~ t !2RI~0!u2&
6t

, ~2!

whereRI(t) denotes an ionic position at timet. The angular
brackets denote an average over all the ions of the s
species, and also over all time origins. In our calculations
have computed the average taking the beginning of each
step as a different time origin. For Ge self-diffusion, we o
tain DGe-Ge;1.131024 cm2/s, very close to the previously
calculated values for purel -Ge of 1.231024 cm2/sec~our
work8! and 1.031024 cm2/sec ~Kresse and Hafner7! It is
mildly surprising that the reduction in covalent bonding
x50.2 does not translate into a more significant change
DGe-Ge. For Ga, we obtainDGa-Ga;1.731024 cm2/s for
80% Ga atT51273 K. This value seems to be in roug
agreement with some old experimental values of 0.931024

~702 K! and 1.331024 ~982 K! in pure l -Ga.22

We now turn to the electronic properties ofl -Ge12xGax ,
which show a striking concentration-dependence. We ca
late the electronic density of statesN(E) from the standard
expression

N~E!5(
k,Ek

wkg~E2Ek!. ~3!

Here Ek denotes the energy eigenvalues for the sing
particle wave functions at a particulark point of the supercell
Brillouin zone, andwk is the weight of thatk point ~as de-
fined below!. g(E) is a Gaussian function of widths 5 0.2
eV, used in order to give a smooth variation to the calcula
density of states. To carry out the calculation we sampled
supercell Brillouin zone using the same set of eight speciak
points, with equal weightswk , as used by Holenderet al.16

in their simulation of purel -Ga, and we have included 4
conduction band states for eachk. For each concentration
the final results were then obtained by averaging over twe
representative configurations in the liquid state.

Figure 10 shows the resulting calculatedN(E) for x
50.2, 0.4, 0.6, and 0.8 as well as for purel -Ge for com-
parison. For purel -Ge, N(E) shows a pseudogap at24.6

-

-

FIG. 9. Mean-square atomic displacementŝ r 2&
[^uRI(t)2RI(0)u2& ~in Å 2) versus timet ~in ps! for Ge atoms in
liquid Ge12xGax at x50.2 and for Ga atoms atx50.8.
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10 480 57R. V. KULKARNI AND D. STROUD
eV separating thes-like and p-like bands.23 On the other
hand the density of states forl -Ga at elevated temperature
is known to be almost free-electron-like.16 Thus we would
expect a gradual progression towards free-electron-like
havior in N(E) as x increases. This behavior is precise
what is seen in Fig. 10. The pseudogap is already subs
tially reduced below its value for purel -Ge, even atx
50.2. With increasing concentration of Ga,N(E) loses even
more of its structure and approaches the free-electron-
behavior seen in purel -Ga at these temperatures. Of cour
at all concentrations,N(E) shows clear metallic behavior—
that is, it is finite, with no dips, at the Fermi energy.

Finally, we have calculated the frequency dependent e
trical conductivitys(v), and its low-frequency limit, the dc
conductivity, as a function of concentration. As in our pr
vious work, we obtains(v) from the standard Kubo
Greenwood formula24

s~v!5
2pe2

3m2vV
(

i
(

j
(
a

~ f j2 f i !u^c i upâuc j&u2

3d~Ej2Ei2\v!. ~4!

Here m is the electron mass, andc i and c j are the single
particle Kohn-Sham wave functions with Fermi occupanc
f i and f j and energy eigenvaluesEi andEj . pâ is the com-
ponent of the momentum operator in the directiona. We
have calculated the conductivity using the same set of e
special k points employed forN(E), and again average
over twelve representative ionic configurations for each c
centration. As in the density of states calculation, we h
included 40 conduction band states at eachk.

By extrapolatings(v) to v50, we can estimate the d
conductivity. The calculated values ofs(0) for the four con-

FIG. 10. Calculated electronic density of statesN(E) ~in states/
eV atom! for liquid Ge12xGax at the four concentrationsx
50.2,0.4,0.6, and 0.8. Each curve is obtained by averaging
twelve characteristic atomic configurations; the supercell Brillo
zone is sampled using eight specialk points.
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e
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centrations are shown in Table I. We note thats(0) shows a
weak minimum at 40% and then increases for higher c
centrations of Ga. This behavior is in qualitative agreem
with that predicted by calculations based on the we
scattering Faber-Ziman theory of liquid alloys,1 and presum-
ably arises for the same reason: stronger scattering nex
50.5 due to differences between the Ge and Ga scatte
potentials. However, there is no clear evidence in the exp
mental data reported1 of the weak minimum in conductivity
seen in our calculations.

IV. CONCLUSIONS

In conclusion we have carried outab initio molecular dy-
namics simulations for liquid Ga-Ge alloys at four differe
concentrations. The basic picture emerging from these ca
lations is that, as the concentration of Ga is increased at
temperatures considered, the alloy rapidly becomes m
free-electron-like. This transformation manifests itself in
variety of ways. The atomic structure, which shows so
residue of tetrahedral local arrangement in purel -Ge in both
g(r ) and the distribution of bond angles, quickly becom
more close-packed and is almost entirely so for 40% or m
atomic concentration of Ga. The structure factorSGe-Ge(k),
which has a noticeable shoulder in purel -Ge in both our
calculations and experiment, becomes more hard-sphere
with increasing Ga concentration, as doesSGa-Ga(k). Most
noticeably, the deep pseudogap betweenp-like and s-like
states in purel -Ge quickly fills in as the Ga concentrationx
increases, leading to a nearly free-electron-like density
states forx50.8. The electrical conductivity looks similar t
what might have been obtained from a Faber-Ziman calc
tion: a weak minimum nearx50.4 coming from enhanced
alloy scattering. At all concentrations, the alloy is a reas
ably good metal, with resistivities in the range of 70mV cm.

The present work can be extended in a number of way
probably greatest interest would be to study such liquid al
systems as CdTe or GaAs, both on and off stoichiome
These materials may have quasi-metal-insulator transit
in the liquid state as a function of temperature or concen
tion. We hope to carry out calculations on such systems
the near future.
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TABLE I. Calculated dc conductivity of Ge12xGax at the four
concentrations, obtained by extrapolating low frequency ac cond
tivity results.

Concentration (x) 0.2 0.4 0.6 0.8

sdc ~104V21 cm21) 1.5 1.45 1.55 1.62
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