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Ab initio molecular-dynamics simulation of liquid Ga-Ge alloys

R. V. Kulkarni and D. Stroud
Department of Physics, The Ohio State University, Columbus, Ohio 43210
(Received 5 November 1997

We report the results adb 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 off@e. 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
coefficientsD go.geaNd D g4.ga@re consistent with previous calculations and available experiments for the pure
liquids. [S0163-182808)00517-7

[. INTRODUCTION transport properties are of interest in order to model crystal
growth. In addition, of course, Ga is a commpstype dop-
The properties of liquid semiconductors are of both fun-ant in solid semiconductors. Our calculations are carried out
damental and practical interest. From a basic viewpointusing ab initio molecular dynamics; in the version we em-
many such liquids, such as Si and Ge, are metallic, eveploy, as opposed to the Car-Parrinello scheme, the electronic
though in the solid phase they are semiconductors; the metadtegrees of freedom are converged to the Born-Oppenheimer
insulator transition on melting suggests a substantial strucsurface before each ionic move. In a previous wbrke
tural change. From a more practical viewpoint, most usefulised this approach to calculate a number of properties of
semiconductors are grown from the melt. Thus, the properpure liquid Ge ¢’-Ge), including the ionic structure factor,
ties of such melts, including the electrical conductivity andelectronic density of states, bond-angle distribution,
atomic transport coefficients, are important parameters whicftequency-dependent conductivity(w), and atomic self-
enter into the equations governing crystal growth. The bedgiffusion coefficient at several temperatures. The present
havior of liquid semiconductor alloys and compounds is ofwork extends the same approach/teGaGe;_ .
equal importance. There are many compounds, such as The remainder of this paper is organized as follows. In
GaAs, which are of great commercial value. In addition, thesec. |1, we briefly review our method of calculation. Section
pure semiconductors are strongly influenced by the presengg describes our results, and a discussion follows in Sec. IV.
of n- and p-type impurities such as As and Ga.
Until recently, most calculations of either the thermody-
namic or transport properties of liquid metals and alloys em- Il. METHOD AND COMPUTATIONAL DETAILS
ployed a perturbation approach, based on the assumption that
the electron-ion interaction was weikHowever, since the To carry out ourab initio calculations, we use the stan-
pioneering work of Car and Parrineffaf has become pos- dard plane-wave pseudopotential method. The details of
sible to carry outab initio molecular dynamics simulations the code used can be found in the literatite.
for these systems. In this approach, the electronic structure iBhe exchange-correlation potential is calculated within local-
calculated guantum mechanically, by effectively solving thedensity approximation(LDA), using the Ceperley-Alder
Kohn-Sham equatiorfsin order to determine the forces act- form as parametrized by Perdew and ZundelVe use
ing on the ions; the ionic motion itself is handled using clas-generalized norm conserving pseudopotentialg the
sical dynamics. For many liquids suchAsSi and/-Ge, the Kleinman-Bylande?® form with the d-wave part treated as
persistence of covalent bonding above the melting temperdhe local component.
ture necessitates a fully quantum-mechanical calculation of In order to test the pseudopotentials we have calculated
the electronic structure. However, the price one has to pay isome of the structural properties for both Ga and Ge in the
that we can only study relatively small systems using thiscrystalline phase. The results for Ge were obtained with a
approach. Nonetheless, a number of groups have abed plane-wave energy cutoff of 25 Ry and using ten spekial
initio approaches to obtain useful and accurate informatiogoints in the irreducible wedge of the Brillouin zone. To
about liquid metals and alloys’ determine the lattice constants and bulk moduli, we fitted the
In this paper, we present the results of a simulation studyalculated energies to the functional fdfim
of liquid Ge,_,Ga, at four concentrations just above the
melting temperature of pure Ge. This alloy system is of in-
terest because Ga is a common impurity/rGe, whose E=A+BV Y3+ CVv-?3+DV 1, )
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FIG. 2. Partial pair correlation functiogge.cdr) for liquid
FIG. 1. Partial pair correlation functiogge.gdr) for liquid Ge,_,Gg, with x=0.2 atT= 1273 K compared to experimental
Ge,_,Ga, at the four concentrations=0.2,0.4,0.6, and 0.8. pair-correlation function for pure’-Ge atT = 1253 K. Dashed
lines: present calculations. Circles: experiméRéef. 1). The inset
v_vhereE andV are the energy and volume per atpm, respec—g:;\;vsS g;?nLe;léléstgfezrsgr'?;:ﬂﬁiz:flﬂz_mdRBf' 14 for pure liquid
tively. The resulting calculated values of the lattice constant
and the bulk modulus were 5.59 A and 72.3 GPa, in good Il. RESULTS
agreement with the experimental values of 5.65 A and 76.5
GPa. For Ga, we carried out these tests ondtghase. This
crystal structure has a base-centered orthorhombic Brav
lattice specified by the experimentally determittethttice

parametera=4.52 A b=4.53 A, c=7.66 A. In our tests,

Figure 1 shows the partial pair-correlation function

a%se_sgr) for the four alloys Ge_,Ga, with x=0.2,0.4,0.6,
and 0.8. For comparison, we have shown in Fig. 2 the pair-
correlation functiongge.cdr) with x=0.2 contrasted with

: ) . the experimental resultfor pure /-Ge at a similar tem-
we have fixed the ratios of these three lengths at their eXperberature A number of features deserve mention. First. the

mental values and varied the single parametetJsing a position of the principal peak, which occursrat2.61 A, is

plane-wave cutoff of 20 Ry and 39 speciapoints, we ob-  y;ryally unchanged from the value calculated for peré&e
tained the calculated values=4.38 A,b=4.37 A,c=7.40  (r—2 63 A)® However, theheightof that peak is reduced,
A. These are nearly identical to the values obtained in prefrom ~2.4 to ~2.2. In pure/-Ge, gee.cd) also shows a

vious ab initio simulations.®*/ weak intermediate peak between the two principal peaks.
We carry out the liquid-state molecular dynamics simula-This intermediate peak reflects the characteristic feature of
tions at 1273 K at four concentrations of Ga in Ge rangingthe structure factor in purg-Ge, namely, the presence of a
from ~20 to ~80 % and a 64-atom supercell with periodic shoulder occurring g =2k distinct from the primary peak
boundary conditions. These concentrations correspond to 18 the structure facto8(k) (see below. However, as can be
26, 38, and 51 Ga atoms. For each concentration, the initisdeen from Fig. 2, this intermediate peak has already flattened
configurations are generated from the results of a previouslput atx=0.2. One would expect that this flattening would
reported molecular dynamics simulation of liquid Gef. 8 correspond to a weakening of the shoulder in the structure
at 1250 K, but with the appropriate number of Ge atomsgfactor at nonzerx. This is indeed the case, as will be dis-
randomly replaced by Ga. The densities for the four concencussed below. A final point is thajge.cdr) is becoming
trations are determined from the experimental densfties  noisier as the concentration of Ge is reduced. This is simply
pure liquid Ge and Ga, using Vegard's ldlinear interpola- a consequence of the smaller number of Ge atoms which are
tion of atomic volumekto obtain the densities for the alloys. included at these lower concentrations.
We use a plane-wave energy cutoff of 10 Ry dngboint Figure 3 shows the partial correlation functiams,.c{r)
sampling for the supercell Brillouin zone. Since we expectat the same concentrations. The principal peak seems to
the liquid system to be metallic, we use standard Fermishow a slight shift to smaller as the concentration of Ga
surface broadening, taking the temperature of the electronidiminishes; in general, this peak occurs at about the same
subsystem a&zT® = 0.1 eV. In calculating the electronic as that ofgge.g{r), suggesting that the “atomic sizes” are
wave functions we include eight empty bands for each consimilar in the liquid. The data is, as expected, noisier at the
centration. The ionic temperature is controlled by means of éowest concentrations of Ga. We can compare the results
NoseHoover thermosta?“’and the equations of motion are obtained by us fogg,.c{r) with x=0.8 with the experimen-
integrated using the Verlet algorithm with an ionic time-steptal result$* and simulation® for pure /-Ga obtained aff
of 125 a.u. -3 fs). After an initial equilibration period of =982 K. Since our simulations are at a higher temperature
about 0.2 ps, simulations were carried out for more than 3 pthan the experimental results, it is instructive to note the
at each concentration. temperature dependence seen in previous simulafidos
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FIG. 3. Partial pair correlation functiogga.c{r) for liquid
Ge,_,Ga, at the four concentrations=0.2,0.4,0.6, and 0.8.

pure /-Ga. With increasing temperature, the height of the
principal peak ingg..c{r) shows a marked reductidfrom
~2.6 atT = 702 Kto~2.2 forT = 982 K) and shows a
slight shift to smallerr. Our results forgga.c{r) with x
=0.8 show a principal peak at=2.55 A with a peak height
of ~1.9 as compared to=2.67 A and~2.2 for the simu-
lations for the pure liquid af =982 K. These values seem to
be consistent with the trend noted above.

We turn next to the partial structure fact@g..q{k) and
Sca-c{K), shown in Figs. 4 and 5 for the four alloy concen-
trations. The most striking feature in the calculaBg.c{ k)
is the shoulder on the larggside of the principal peak. This
shoulder is quite pronounced in puréGe, in agreement
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FIG. 5. Partial structure fact@g..cdk) for liquid Ge; ,Ga, at
the concentratiorx=0.2 compared to the experimental structure
factor for pure/-Ga atT = 1253 K (Ref. 1. The inset shows the
results of previous calculatioriRef. 14 for pure liquid Ge as com-
pared to experimer(Ref. 1.

of Sge.cd k) in comparison to the structure factor for the pure
liquid. By x=0.8, in spite of the poor statistics, Fig. 4 shows
that Sge.cd K) is similar to that of a dilute gas, being close to
unity except at very smalk. The partial structure factor
Sca-c{k) behaves similarly to that of a conventior(alard-
sphere-likg liquid metal atx=0.8, crossing over to nearly
ideal-gas-like behavior at=0.2. Comparing our results for
x=0.8 with the published experimental results for pure lig-
uid Ga atT=982 K (Ref. 21) we see that the positions of the
principal and secondary peaks are basically unchanged; how-

with experiment, but it disappears rapidly with increasing Gaever, the height of the principal peak is reduced and there is

concentrationx. In fact, it has almost disappeared by

=0.2 as indicated in Fig. 6, a fact that is also reflected in the

flattening of the intermediate peak ig..c{r) as mentioned
earlier. Also, there is a distinct increase in the lkwalues
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FIG. 4. Partial structure factdg..c{k) as a function of wave
vectork (in A1) for liquid Ge,_,Ga, at the four concentrations.
x=0.2,0.4,0.6, and 0.8.

a distinct increase in the low-values of the structure factor.
In Figs. 7 and 8, we show theond angle distribution-
that is, the distribution of angles formed by triplets of Ge
atoms forx=0.2 and of Ga atoms at=0.8, such that all
three atoms lie within a suitable cutoff radiug. For com-
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FIG. 6. Partial structure factdg,.c{k) as a function of wave
vectork (in A~1) for liquid Ge,_,Ga, at the four concentrations.
x=0.2,0.4,0.6, and 0.8.
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FIG. 7. C
oms in liquid Ga_,Ga, with x=0.2 and different choices for the =(Ri(t) =Ri(0)I?) (in A?) versus timet (in ps for Ge atoms in
cutoff radiusr .. The inset shows the calculated bond angle distri-iquid Ge; ,Ga, atx=0.2 and for Ga atoms ad=0.8.

bution for pure liquid GERef. 8.

parison, we also show the corresponding distribution for pure
whereR,(t) denotes an ionic position at tinte The angular

/-Ge in the inset for Fig. 7. Fok=0.2, the bond angle
distribution, such as that of pure Ge, shows a slight peak gl,c1ets denote an average over all the ions of the same

~60°, corresponding to a close-packing arrangement. HoWgpecies and also over all time origins. In our calculations we
ever, the peak observed in our pure Ge simulations H0°
has been reduced to a barely detectable and rather broagep as a different time origin. For Ge self-diffusion, we ob-
plateau atx=0.2. This indicates that the addition of only tain Dg, g~ 1.1x107* cni/s, very close to the previously
~ 20% of Ga already reduces the degree of covalent bondingalculated values for puré-Ge of 1.2<10™“ cré/sec(our
present in pure’-Ge, in agreement with the disappearancework®) and 1.0<10* cnf/sec (Kresse and Hafnér It is

of the shoulder irBge.g{k) at that concentration. The bond- mildly surprising that the reduction in covalent bonding at

angle distribution for Ga clusters &t 0.8 is quite uniform
except for a weak peak near60°. This indicates close- D, . For Ga, we obtainDg, g 1.7X10 % cné/s for

packed bonding characteristic of simple liquid metals.
We have also calculated the values of the Se'f'difoSioragreement with some old experimenta| values 0§<0]_9‘4

coefficients for Ge atomB ge.ge(at 20% GaandDg,.galat
20% Gg, obtained in both cases by examining the mean e now turn to the electronic properties6tGe, _,Ga, ,

square displacements of the respective atoms as a function ghich show a striking concentration-dependence. We calcu-

time as in our previous work for pure Geee Fig. 9. The
self-diffusion coefficients can be extracted from the equatiorexpression
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FIG. 8. Same as Fig. 7, but for Ga atoms ar0.8.
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have computed the average taking the beginning of each time

x=0.2 does not translate into a more significant change in
80% Ga atT=1273 K. This value seems to be in rough

(702 K) and 1.3x 10 * (982 K) in pure /-Ga??
late the electronic density of statBgE) from the standard

N<E>=k2E W g(E—Ep). 3)
1Bk

Here E, denotes the energy eigenvalues for the single-
particle wave functions at a particullapoint of the supercell
Brillouin zone, andw, is the weight of thak point (as de-
fined below. g(E) is a Gaussian function of widttr = 0.2
eV, used in order to give a smooth variation to the calculated
density of states. To carry out the calculation we sampled the
supercell Brillouin zone using the same set of eight spécial
points, with equal weightsy, , as used by Holendest al®
in their simulation of pure”-Ga, and we have included 40
conduction band states for eakh For each concentration,
the final results were then obtained by averaging over twelve
representative configurations in the liquid state.
Figure 10 shows the resulting calculatd{E) for x
=0.2, 0.4, 0.6, and 0.8 as well as for pufeGe for com-
parison. For pure”-Ge, N(E) shows a pseudogap at4.6
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TABLE |. Calculated dc conductivity of Ge ,Ga, at the four
concentrations, obtained by extrapolating low frequency ac conduc-
tivity results.

Concentration X) 0.2 0.4 0.6 0.8

N(E) [ (states/eV)/atom]

oge (104071 em™Y) 1.5 1.45 1.55 1.62

centrations are shown in Table I. We note th&0) shows a
weak minimum at 40% and then increases for higher con-
centrations of Ga. This behavior is in qualitative agreement
with that predicted by calculations based on the weak-
scattering Faber-Ziman theory of liquid alloyand presum-
ably arises for the same reason: stronger scattering xear
=0.5 due to differences between the Ge and Ga scattering
%55 > =5 —— s = m potentials. However, there is no clear evidence in the experi-

E(eV) E(eV) mental data reportécf the weak minimum in conductivity
seen in our calculations.

0.20

FIG. 10. Calculated electronic density of stab§(€) (in states/
eV atom) for liquid Ge; ,Ga at the four concentrations IV. CONCLUSIONS
=0.2,0.4,0.6, and 0.8. Each curve is obtained by averaging over |n conclusion we have carried oab initio molecular dy-
twelve characteristic atomic configurations; the supercell Brillouinnamics simulations for liquid Ga-Ge alloys at four different
zone is sampled using eight spediapoints. concentrations. The basic picture emerging from these calcu-
lations is that, as the concentration of Ga is increased at the
eV separating the-like and p-like bands®® On the other temperatures considered, the alloy rapidly becomes more
hand the density of states fgi-Ga at elevated temperatures free-electron-like. This transformation manifests itself in a
is known to be almost free-electron-lik& Thus we would variety of ways. The atomic structure, which shows some
expect a gradual progression towards free-electron-like beesidue of tetrahedral local arrangement in ptr€e in both
havior in N(E) as x increases. This behavior is precisely g(r) and the distribution of bond angles, quickly becomes
what is seen in Fig. 10. The pseudogap is already substamore close-packed and is almost entirely so for 40% or more
tially reduced below its value for pure-Ge, even atx  atomic concentration of Ga. The structure facBa gdk),
=0.2. With increasing concentration of Q4(E) loses even which has a noticeable shoulder in pufeGe in both our
more of its structure and approaches the free-electron-likealculations and experiment, becomes more hard-sphere-like
behavior seen in puré-Ga at these temperatures. Of course,with increasing Ga concentration, as dd&s, c{k). Most
at all concentrations\(E) shows clear metallic behavior— noticeably, the deep pseudogap betwgelike and s-like
that is, it is finite, with no dips, at the Fermi energy. states in pure’-Ge quickly fills in as the Ga concentratian
Finally, we have calculated the frequency dependent eledncreases, leading to a nearly free-electron-like density of
trical conductivityo(w), and its low-frequency limit, the dc  states forx=0.8. The electrical conductivity looks similar to
conductivity, as a function of concentration. As in our pre-what might have been obtained from a Faber-Ziman calcula-
vious work, we obtaino(w) from the standard Kubo- tion: a weak minimum neax=0.4 coming from enhanced
Greenwood formufd alloy scattering. At all concentrations, the alloy is a reason-
ably good metal, with resistivities in the range of Z0) cm.
The present work can be extended in a number of way. Of

2 me? . probably greatest interest would be to study such liquid alloy
U(w)— QE > E (f; = fD( il pal ;)12 systems as CdTe or GaAs, both on and off stoichiometry.
F0QT These materials may have quasi-metal-insulator transitions

X 8(Ej—Ei—ha). (4  inthe liquid state as a function of temperature or concentra-

tion. We hope to carry out calculations on such systems in
the near future.
Herem is the electron mass, ani and ¢; are the single
particle Kohn-Sham wave functions with Fermi occupancies
fi andf; and energy eigenvaluds andE;. p. is the com-
ponent of the momentum operator in the directien We This work was supported by the NASA Lewis Research
have calculated the conductivity using the same set of eighCenter under Award Nos. NAG3-1437 and NCC3-555. We
specialk points employed folN(E), and again averaged also thank M. Scheffler and the research group at the Fritz-
over twelve representative ionic configurations for each conHaber Institutg Theory Departmentor use of theirab initio
centration. As in the density of states calculation, we haveode FHI96MD and D. Matthiesen and A. Chait for many
included 40 conduction band states at ekch valuable conversations. Calculations were carried out using
By extrapolatingo(w) to =0, we can estimate the dc the SP2 at the Ohio Supercomputer Center and the RS/6000
conductivity. The calculated values a{0) for the four con-  cluster at the NASA Lewis Research Center.
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