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We describe the results @b initio molecular-dynamics simulations of liquid Ge at five temperatures
ranging from 1250 to 2000 K. The electronic structure is calculated using the local-density approximation and
generalized norm-conserving pseudopotentials. The calculations yield the pair correlation function, the static
structure factor, the bond-angle distribution function, the electronic density of states, the atomic self-diffusion
coefficient, and finally the ac conductivity. Near melting, the structure factor has the experimentally observed
shoulder on the highk-side of the principal peak, which becomes progressively less distinct at higher tem-
peratures. The bond-angle distribution function indicates the persistence of covalent bonding for shorter bond
lengths in the liquid state. The electronic density of states is metallic at all the temperatures with a pseudogap
at a binding energy of 4.6 eV. The diffusion constant shows a sharp rise between 1250 and 1500 K
(1.2x1074=2.0< 10~* cn? s™%) and increases less rapidly at higher temperatures, to ony03* cn? s 1
at 2000 K.[S0163-182807)02711-3

I. INTRODUCTION the experiments in microgravity.
On the theoretical side, most numerical studied -Ge

Liquid Ge (-Ge has a number of unusual properties, have been carried out using molecular-dynamics simulations.
which have prompted several experimental and theoreticaDne approach is to obtain the interatomic forces using em-
studies. In the crystalline phase, Ge is a diamond-structurpgirical potentials that include three-body terms to model the
semiconductor with a direct band gap of about 0.9 eV. Uporcovalent contributions. While such simulatiéfisan repro-
melting, Ge undergoes a semiconductor-metal transition aguce the observed structure factors for liquid semiconduc-
companied by significant structural changes. The density intors, they tend to overestimate the degree of tetrahedral
creases by about 4.7%, and its coordination number, as deonding in the liquid state. Also, the empirical potentials
termined by x-ray diffractiod, grows from 4 in the solid used are independent of both density and temperature,
phase to about 6.8 in the liquid. Similarly, the electrical con-whereas the actual many-body potential lfd€ée depends on
ductivity increases on melting by more than an order of magboth.
nitude, to about 18104 Q! cm 1,2 a range characteris- An alternative approach is to derive the interatomic forces
tic of metallic behavior. by expanding the total energy to second order in the

Despite its metallic nature, however, the behavior ofelectron-ion pseudopotential, using the linear-response func-
|-Ge is more complicated than that of a simple liquid metaltion of the electron gas.The pair correlation function and
Simple liquid metals usually have structure factors similar tostructure factor obtained from this method agree fairly well
that of a fluid of hard spheres, with a temperature-dependentith experiment. But this method omits the many-body con-
packing fraction and a coordination number of abouttributions to interatomic forces, which are important in
10— 123 Apart from having a lower coordination number, I-Ge. Thus, to understand the effects of covalent bonding in
[-Ge also has a structure factor with a shoulder on the high-Ge, one must treat the interatomic forces at a level beyond
k side of the first peak, a feature that cannot be reproduceskecond-order perturbation theory.
by a hard-sphere model. These differences have been inter- Since the pioneering work of Car and Parrinélisgveral
preted as indications that covalent bonding persists in thenolecular-dynamics schemes have been developed that treat
liquid state? This interplay between metallic and covalent the interatomic forces in a microscopic, fully quantum-
bonding makes$-Ge of particular theoretical interest. mechanical manner. The feature common to all is that the

The properties of liquid semiconductors are also impor-electronic degrees of freedom are treated quantum mechani-
tant from a technological point of view. Since most semicon-cally to determine the forces on the ions, after which the
ductors are grown from the melt, the transport coefficients ofonic motion itself is handled using classical dynamics. This
the liquid, such as the diffusion constant, are needed as inpapproach, usually calledb initio molecular dynamics, has
in the fluid-dynamic equations used to model crystal growthrecently been applied by several groups to study liquid semi-
However, these properties are difficult to determine expericonductors, including-Ge®** Most of these studies, how-
mentally. Typical experiments to measure such diffusionever, have emphasized the properties at only one temperature
constants are based on tracer diffusion through capillaryn the liquid state and thus omit possibly important
tubes? Such experiments suffer from uncertainties arisingtemperature-dependent changes in the atomic and the elec-
from the contributions of convection and of gravity. Thesetronic structure.
uncertainties can be overcome, in principle, by carrying out In this paper we carry outb initio simulations for liquid
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Ge at five temperatures ranging from 1250 to 2000 K, TABLE I. Lattice constantay, bulk modulusB, and binding
thereby obtaining information about the temperature deperenergy per atomEg for diamond-structure Ge at temperature
dence of various observables in the liquid state. At each temE=0, as calculated in the present work and as obtained experimen-
perature, we study a range of structural, electronic, andglly (quoted by Ref. B

atomic properties of liquid Ge. Among these are the elec=

tronic density of states, the static structure factor, the atomi€roPerty Calculated Experiment
seIf—Qi_ff_usion diffgsion .coefficient, a_md the dc and_ ac .con—alat (bohrg 10.63 10.68
ductivities. Our simulations are carried out over a time inter-g (GP3 69.4 76.5
val of more than 1.5 ps at each temperature. Es (eV) 501 3.85

Besides considering several temperatures, our simulations
also differ from previous work in various technical details. In
partlc?lar,;/_ve avmdf_tnaqtmg Eounerl colefflc[eg'fs ofeleptrgnlc The minimization of the free-energy functional with re-
wave functions as ficliious dynamical variables, as 1S one:ﬁpect to variations in the single-particle wave functiahs

in the Car-Parrinello approach, and, in order to converge th%ads to the Kohn-Sham equatiofsThe actual minimiza-
elgqtromc structure at Qach step, we use the so-c_alle on is carried out by expanding the single-particle wave
Williams-Soler algorithm instead of the conjugate-gradientg | 0o i plane waves and using the Williams-Soler

approach. . . algorithm* Once the single-particle wave functions are self-

The rest of our paper is orgamzeq as f°”°V.VS- In Sec. IIconsistently determined, the force on iffeion is computed
we discuss the. method and cqmputa‘uonal_ details. Our resu”I%ing the Hellmann-Feynman theorem. A detailed descrip-
are presented in Seg. lll. Section IV describes our results a on of the molecular-dynamics code used in the calculations
gives some conclusions. can be found in the literaturé:'®

II. METHOD AND COMPUTATIONAL DETAILS . .
B. Computational details

A. Method We carry out the electronic-structure calculations in the

Our simulation method proceeds as follows. First, for alocal-density approximation(LDA), together with the
fixed ionic configuration, the electronic structure is con-Ceperley-Alder exchange-correlation functional as param-
verged to the Born-Oppenheimer surface, that is, the equilibetrized by Perdew and ZungErWe use generalized norm
rium electronic state is determined for the instantaneousonserving pseudopotentifisin the Kleinman-Bylander
ionic configuration. Next, the forces on the ions are calcuform,!® choosing thed-wave part of the pseudopotential as
lated using the Hellmann-Feynman theorem and the ions aithe local component. We take the 4nd 4p states of Ge as
moved according to these forces. For the new ionic coordithe valence states and we apply non-linear core-valence
nates the electronic structure is again recalculated and cowerrections® To check this pseudopotential, we determined
verged to the Born-Oppenheimer surface and this procedutbe ground-state properties of crystalline Ge, using an energy
is repeated for the duration of the simulation. cutoff of 20 Ry and a set of sik points in the irreducible

In calculating the electronic structure we use the finite-wedge of the Brillouin zone. The resulting zero-temperature
temperature version of electron density-functional theory andattice constant, bulk modulus, and binding energy of Ge are
the electronic subsystem is assumed to be at a fictitious tenm reasonably good agreement with experimi@ft Table ).
peratureT®. Thus the variational quantity to be minimized, (The binding energy is somewhat larger than experiment, as
for a fixed configuration of the ions, is the free-energy func-is characteristic of LDA calculations.
tional. Let f; be the occupation number of théh single- To generate the initial configurations in the liquid state,
particle statay; . Then the free-energy functional is given by we use a classical molecular-dynamics codmsed on em-

pirical potentials of the Stillinger-Weber forOur simula-
FI{gi(DL{FH=E[{&(n)},{f}]1-TeS*[{f;}], (1) tions are carried out in a 64-atom supercell with simple cubic
periodic boundary conditions. Note that such a cell size is
whereS®[{f}] is the electronic entropy, given by commensurate with a possible diamond-structure ground
state. The densities for the different temperatures are chosen
to match published experimental dat&he plane-wave en-
ergy cutoff in the liquid state is 10 Ry, and we usepoint
sampling for the supercell Brillouin-zone integration. The
With this choice forS®[{f;}], minimizing the free-energy ionic equations of motion are integrated by means of the
functional with respect to the occupation numbers yields the/erlet algorithm, using an ionic time step of 125 a.t-§
Fermi-Dirac distribution fs). The ionic temperature is controlled by means of the
NoseHoover thermostat>®using a thermostat mass param-
eterQ of about Ix 10° a.u. The fictitious temperature for the
' 3 electronic subsystem IgT® = 0.1 eV and we calculate the
electronic wave functions for the lowest 134 bands, i.e., in-
g; being the corresponding Kohn-Sham eigenvaluegaride  cluding six empty bands.
chemical potential. This finite-temperature procedure is nec- Using this approach, we converge the total energy until
essary to avoid numerical problems in the simulation arisinghe change in the energy in successive steps falls below
from discontinuous changes in the occupation numbfers.  5x 10 ® eV/atom. Since our starting ionic configurations are

S{f}1=—2kg X, [filnfi+(1—f)In(1—F)]. (2
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FIG. 1. Pair correlation functiong(r) for liquid Ge at
T=1250 K. Dashed lines, calculatedr) as obtained from present
simulations; circles, experimefRef. 1).

FIG. 3. Static structure fact@(k) as a function of wave vector
k (in A~1) for liquid Ge atT=1250 K. Dashed lines, present cal-
culations; circles, experimeiiRef. 1.

already close to equilibrium at the temperature considered, . : _
we find that simulations of only 1.5 ps are adequate to ex:mmd’ we can still see that both, andN, grow with inCreas-

tract the self-diffusion coefficients at these temperatures. Ing T At TZZQOO. K, for example, usingp=23.6 A,_we
obtain a coordination number @i.=8.0. By comparison,

N, is 4 in diamond-structure Ge, 12 in a close-packed solid,
and about 10 in a typical hard-sphere liquid.
At T=1250 K, g(r) has a weak intermediate peak at

. - . . r=4.1 A lying between the two principal peaks. This peak
We begin by describing our results for the pair correlat|onﬂ(,menS with increasingT, disappearing completely at

functiong(r). Figures 1 and 2 shog(r) at the temperatures T=2000 K (cf. Fig. 2. The height of the first peak af(r)

T=1250 and 2000 K. As can be seen from Fig. 1, the reSUIt§;1Iso diminishes with increasing, but occurs at roughly the

agree with experiment. At this temperature, the prmupalsamer’ which is in good agreement with experiments done

peak in the calculated(r) occurs atr=2.63 A, in good o ; ‘i 25
: . y Filipponi and DiCiccd®
agreement with the experimental values of 2.70 and Z'GE Figures 3 and 4 show the calculated static structure factor

1,24 ; At ;
A - An e_ffecuve cogrdmanon numbe can be o_b.tamed S(k) for the same temperatureS(k) is defined by the rela-
by integratingn X 47rr“g(r) fromr=0 to the first minimum tion

lll. RESULTS

A. Structural properties

rm,» wheren is the number density. If we choosg to be 3.2

A, which is the experimentally observed value for the first
minimum, we getN.=6.0. In our simulation, however, the
first minimum falls between 3.35 and 3.45 A. If we therefore
choose as a cutoff,,=3.4 A, we obtainN,=7.1. Clearly,
N, is rather sensitive to the choice of,, a quantity that is

3.0

X 30 40 5.0
r(A)

FIG. 2. Calculatedy(r) for T=2000 K.

1
S(k) =y {Prp-1) —Néico- (4)

Here py is a Fourier component of the atomic density, de-
not sharply defined for liquid Ge. Bearing this ambiguity in fined by
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FIG. 4. Calculated5(k) for T=2000 K.
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TABLE Il. Structure factorS(0)=Ilim,_ oS(k) (see tex}, ionic 4.0
number densityn, and height of the principal peak o(r), calcu- ’ et =28A
lated at five temperatures. 35t — £ =34A
T (K) $(0) n(A79 9(r ma) 3.0
1250 0.05 0.04526 2.39 251
1400 0.11 0.04457 2.23 >
1500 0.12 0.04413 213 g20
1600 0.12 0.04370 2.08 “ sl
2000 0.18 0.04250 2.00
1.0 b
0.5
p(k)=2 e P, (5
= 0.0)'5

where R,, is the position of thenth atom andN is total
number of atoms. In calculatin§(k), we average over the
last 450 simulation time steps and also overkallectors of
equal magnitude.

At the lowest temperatures, our calculat&{d) shows the

0(deg)

FIG. 5. Calculated bond angle distribution functigt(¢,r..) for
liquid Ge atT=1250 K forr,=2.8 and 3.4 A.

(r.=2.8 A), there is a change from a single broad peak near

characteristic feature of the structure factor for liquid Geggo ot T—-1250 K to an almost uniform distribution in the
observed in neutron diffraction studies: a distinct shoulder o 4 angles aff =2000 K, slightly peaked near 60°. The

g\‘? 1hig?]k side IOf the principalll peak that occurs_le;t: i‘45 98° peak suggests a “flattened” tetrahedral arrangement of
;jT ke resu_ts are In excellent agreen;]ent witr tle miafhe atoms, similar to the so-callggitin structure’’ whereas
suredS(k) atT=1250 K. AsT increases, the principal pea that at 60° is typical of metallic bonding and represents a

is red_uced in height and the shoulder becom_es less distinqInore closely packed structure. In short, the structure gradu-
By T=2000 K, the shoulder has completely disappedoéd 5y changes from an open structure, with tetrahedral bond-
Fig. 4 and the structure factor resembles that of a S|mplqng for shorter bond lengths, just above melting, to a more

liquid metal well above melting. , , closely packed structure with very little tetrahedral bonding
As T increases, our calculations also predict an increasg; very high temperatured & 2000 K).

in small-anglex-ray or neutron scattering, as measured by
lim_,oS(k). In turn, S(0) is related to the isothermal com-
pressibility 1 by the compressibility sum rule

B. Atomic self-diffusion

We now turn to our results for the atomic self-diffusion
limS(k)=S(0)=nkgTx, (6) coefficientD(T) in liquid Ge. To studyD(T), we first fol-
k—0 low the time-dependent mean-square ionic displacement in
. L . 26  theliquid. We start from the equilibrium liquid configuration
wheren is the ionic number density. Now Egelstaff al: generated by classical molecular dynamics. For sufficiently

have shown that in practice, for liquid metals, 5 time intervalsD(T) can be extracted from the equation
S(0)~S(k4/4), wherek; corresponds to the principal peak g time intervalsp(T) X quat
(IRI(H—R(0)[?)

of S(k). Using this estimate, we can calculate the isothermal
compressibility of [|-Ge at T=1250 K as 6t
x7=6.4<10"1m?N 1. Table Il lists the calculated
S(0)’s, as obtained from the Egelstaff estimate, along with
the corresponding(T) and the height of the first peak in
g(r). 35| —
More information about the structural properties can be
obtained from the bond angle distribution function
g®(6,r.). g gives the distribution of the angle formed by 05|
pairs of vectors drawn from a reference atom to any two

D(T)= lim

t—ow

)

4.0

oo
>

wn

o

_‘
o

30}

other atoms within a cutoff radius. of that atom. Figures 5 5 20
and 6 showg®(6,r.) for T=1250 and 2000 K. Ifr, is S
chosen as the first minimum ig(r), g®(6,r.) shows two 15y
peaks atT=1250 K: one at§~60° and a second broader 10l
peak centered at 98°. If insteag=2.8 A (roughly equal to
the covalent bond length in crystalline Gehe 60° peak 0.5
disappears while that near 98° persists.
) 0.0
As T increases, we observe several changes in 0.0

g®(6,r.). (a) For the larger cutoff radius,, the 60° peak
becomes slightly more pronounced, while that-e@8° be-

comes slightly less so(b) For the smaller cutoff radius FIG. 6. Same as Fig. 5, but fdr=2000 K.



6900 R. V. KULKARNI, W. G. AULBUR, AND D. STROUD 55

25.0 , : . 1.0
—— T=2000 K
-—- T=1250K
200 f
05}
__150
= =
= 4
A
L
v 10.0
0.0
50}
' . 1 -0.5 L ) \
%% 0.5 1.0 1.5 2.0 0.0 05 1.0 1.5
t(ps) t(ps)
FIG. 7. Mean-square atomic displacements  FIG. 8. Velocity autocorrelation functio(t) as defined in the

(rA=(R,(t) = R,(0)|?) (in A?) versus time (in p9), calculated at  text, plotted versus time (in ps), at T=1250 K.
T=1250 K andT=2000 K.
determined from experimeftn addition, of course, each of

whereR,(t) denotes an ionic position at tinie The angular the simulations uses a slightly differealb initio method.
brackets denote an average over all the ions and also over all D(T) may also be obtained from the velocity autocorre-
time origins. In our calculations we have computed the aviation function(t), defined by
erage, taking the beginning of each time step as a different

(Vi) v(0))

time origin.

Our calculated mean-square displacements are shown in - (vi(0)-v;(0)) "
Fig. 7 for two representative temperaturds=1250 and .
2000 K.D(T) is obtained from a linear-regression fit of the Here the angular brackets again denote an average over all
last 0.6 ps of data to a straight line. Table Il shows thethe atoms and over.dlfferent time origins. The diffusion con-
resulting D(T) for all temperatures considered, along with StantD is then obtained from the relation
the experimental results of Pavlov and Dobrokhéfoand

(1) ®

results from previouab initio and empirical simulations. As D= kB_T wlﬂ(t)dt 9)
expectedD(T) is a monotonically increasing function. Our M Jo '

results agree well with experiment and also with #fseinitio

calculations of Kresse and Hafner for= 1250 K? but at the A representative plot ofs(t) T=1250 K is shown in Fig.

other temperatures are somewhat higher than athenitio 8. The resultingD(T) agrees to within 5-10 % with the
predictionst®!! Possibly some of these differences arisevalues extracted from the mean-square displacement; both
from the fact that the densities chosen in the various simulaare shown in Fig. 9.

tions are different. Previous calculations at elevated tempera-
tures have used the density of liquid Ge at melting, whereas 5,

we choose a lower density appropriate to the temperature,
TABLE lll. Calculated and measured atomic self-diffusion co-

efficientsD(T). 25¢

[}

D(T) D(T) D(T) o 5
T (K) (1074 cm?/s)  (other calculations  (experiment E ool
1250 1.2 1.0°, 0.44 1.21,0.78 2
1400 1.7 1.0¢ 1.62 T 2
1500 2.6 1.2 3.21 15¢
1600 2.1
2000 2.3
1.0 : . :

8Results of the present calculations, carried ousibynitio molecu- 1.0 1.2 1'410.3 T(K) 16 18 20
lar dynamics at five temperatures.
bKresse and HafneRef. 9 (at T = 1230 K).
Yu et al. (Ref. 2 (empirical potentigl FIG. 9. Calculated diffusion constal(T) (in cm?/s) versus
YGodlevskyet al. (Ref. 13 (at T = 1350. temperatureT. Points denoted> are obtained using the mean-
®Takeuchi and Garzo(Ref. 10. square displacement, those denatedrom the velocity autocorre-

fP. V. Pavlov and E. V. DobrokhotofRef. 28. lation function.
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A notable feature of our results is that the diffusion con-  ggg

stant rises sharply betwedn= 1250 and 1500 K and more ' . T=2000 K
slowly at higher temperatures. Possibly this is related to a — T=1250K
corresponding behavior reported in the kinematic viscosity 060
7. Experimental data for they(T) in liquid Ge shows a § ad
sharp drop just above the melting point, followed by a more =
gradual decline at higher temperatufe3. can be related to 2
7 using the Stokes-Einstein relation godor
_ el 19 ¢
- 2man’ (10 “o20}

which is quite successful in connecting the two coefficients
for a liquid of hard spheres of diametar If a is assumed to . .
decrease only slightly with temperature, then a sharp de- ~-15.0 -10.0 -5.0 0.0
crease iny is connected to a corresponding increaséin E(eV)

Thus the sharp rise iD is in qualitative agreement with the
experiment forz.

FIG. 10. Calculated electronic density of stal(E) (in states/
eV atom) for liquid Ge at 1250 and 2000 K. Each curve is obtained
C. Electronic properties by averaging over five characteristic atomic configurations; the su-
' percell Brillouin zone is sampled using eight spedigoints.
Next, we discuss the electronic density of stlX&) at
the same five temperaturdd(E) is calculated from the ap-

proximate expression f; and energy eigenvalués andE; . p,, is the component of

the momentum operator in the directiar® We have calcu-
lated the conductivity using the same set of eight spdcial
N(E):kZEk WiG(E=Ey). 11 points used foN(E) and again averaged over five represen-
) ) tative ionic configurations for each temperature. As in the
Here E(k) denotes the energy eigenvalues for the singleyengity.of.states calculation, we have included the lowest

pa_rticlc_e wave function_s ata part_icullarpoint of th_e supercell 168 eigenvalues; the highest of these lie8.5 eV above the
Brillouin zone andw, is the weight of thak point (as de- Fermi energy

fined below. g(E) is a Gaussian function of widtlx = 0.2 g . -
eV, used in order to give better statistics to the density of The resultingo(«) is shown for two temperatures in Fig.

states. To carry out the calculation we sampled the superce:hl' At both temperaturesy(w) decreases monotonically

Brillouin zone using the set of eight specialpoints, with with @, showing no absorpt_lve peaks in the_ observed fre-
equal weightsw, , used by Holendeet al?° in their simula-  dUENCY range. By extrapolating =0, we eStszi_te the dc
tion of liquid Ga and we have included the lowest 168 ej-conductivity atT=1250 K as 1.X 10* "*em ™, in good
genvaluesk, for eachk. For each temperature, the final 2greement with the measured value of A"
results were then obtained by averaging over five represerf2 ‘cm .2 The calculated temperature-dependent dc con-
tative configurations in the liquid state. ductivity is shown in Table IV.

Figure 10 shows the calculated density of states for
T=1250 and 2000 K. At these and all intermediate tempera-
tures, we find thalN(E) is finite at the Fermi energy, indi- — T’= 2000 K
cating that liquid Ge is metallic. Another characteristic fea- o—o T=1250K
ture of N(E) is the presence of a pseudogap at -4.6 eV that 10|
separates the-like and p-like bands>®3! Even though there
is short-range covalent bonding in liquid Ge, this feature is _

not obviously reflected in the density of states. Furthermore, g 120 1
N(E) does not show any significant temperature variation in g
the range considered. Zosol

Another quantity of interest is the frequency-dependent «E
electrical conductivityo(w) and its low-frequency limit, the  —
dc conductivity. o(w) can be calculated from the Kubo- 0.40 L
Greenwood formuf¥

2.00

2me? 0:0% 05 10 15 2.0
_ U tA R . ) . . :
o(0)=grroa2 2 2 (= KRyl e
XS(Ej—Ei—fiw). (12 FIG. 11. Calculated ac conductivity(w) for liquid Ge at

Herem is the electron mass angk and Y, are the single- T=1250 and 2000 K, as obtained by averaging over five typical

particle Kohn-Sham wave functions with occupandieand atomic configurations at each temperature. Line segments merely
connect calculated points.
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TABLE IV. dc conductivity at the five temperatures obtained by ~ There are other possible explanations for the shoulder in

extrapolating low-frequency ac conductivity results. the structure factor. Three-body forces among the ions, such
as those predicted by the pseudopotential theory of inter-
T (K) og (10° Q7 rem ™) atomic forces in metals, may conceivably produce such a
shoulder. A recent pap&rhas shown that a shoulder can be
1250 1.54 . - .
1400 145 produced by. a model in which several Ge ions are assumed
to form a single tetrahedral dynamical entity that moves
1500 1.42 through the liquid as a unit, at least over diffusive time
1600 1.35 scales. Our calculations, while they do produce the observed
2000 1.27 shoulder, cannot easily discriminate between these explana-
tions.
Finally, we mention briefly the recertb initio calcula-
IV. DISCUSSION AND CONCLUSIONS tions of Stichet al®’ for |-Si. These authors find that the

We now turn to some possible interpretations of the re£Xplicit inclusion of spin in the density-functional theory
sults presented in the preceding section, especially the u€nds to enhance the diffusion coefficientli$i by about
usual temperature-dependent structure. It has been dfgue@0%:- It seems likely, however, thatiiFfGe, where the degree
that the structural properties of liquid metals are basicallyof covalent bonding is significantly reducel(T) should be
determined by two length scales: an effective hard-sphert€ss influenced than in Si. _ o
diameters, which determines the position of the principal N conclusion, we have carried oab initio molecular-
peak ing(r), and the wavelength of Friedel oscillations in d_ynam|cs simulations for several propertiesl gbe at five
the pair potential X = 7/kg), wherekg is the Fermi wave different tempe(atures: 1250, 1400, 1500,' 1600,_ and 2000 K
vector. This picture has been successfully applied to explaifUr results are in very good agreement with available experi-
trends in the structural properties of liquid metldn the mental data. They indicate that liquid Ge is a good metal, but

following, we use this view to offer some speculations aboutVith some special short-range order arising from residual
our own results. covalent bonding that persists into the liquid state. At the

For a simple liquid metal such as Na, the two |engthhighest temperatures, however, the quuidi seems to evolve
scales set by and\ are commensurate. Hence, in this pic- INto & more conventional close-packed liquid metal. Our
ture, the behavior of(r) can be explained as a consequencecOmputed values of the atomic self-diffusion coefficient
of the constraints of hard-sphere packing. But for tetravalenp (T) are higher than those previously obtained using em-
liquid metals, it has been shodrthat the two length scales pirical potentials, but are in good agreement with results

are incompatible. In particular, the first maximum of the from otherab initio calculations.
hard-sphereg(r) coincides with the repulsive part of the _ Finally, the present approach suggests a number of pos-
effective pairwise interaction. Thus it becomes energeticallyiPle applications. For example, it can be used to treat the
favorable to shift some atoms from the first shell to a neigh-diffusion coefficients of impurities such as Ga and Si in
boring shell that corresponds to a minimum of the pair po-Ge- The same approach may be useful for treating liquid
tential. This explains the low coordination numbers of tet-Versions of technologically important compound semicon-
ravalent liquid metals and also the intermediate peakluctors, such asGaAs and-CdTe, both on and off stoichi-
observed ing(r) in both experiment and our simulations, ometry. The latter materials m|g_ht be especially worthwhile
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As the temperature increases the following changes takBOPerly includes the electronic structure.
place: (a) because of the increased ionic kinetic energy the
effective hard-sphere diameterdecreases ang) the low-
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