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We present results of a Brst-principles molecular-dynamics study of structural, dynamical, and
electronic properties of liquid Ge. In agreement with experiments, the electronic density of states
shows that liquid Ge is metallic. However, an analysis of the electronic charge density, pair correlation
function, and structure factor shows the existence of some covalent bonds in the liquid. These bonds
give rise to broad bands in the power spectrum, reminiscent of the vibrational modes of crystalline
Ge. They are also responsible for the low coordination number found in the melt. The calculated
diffusion coefficient is also in agreement with available experimental results.

I. INTRODUCTION

The liquid state of Ge, with higher density than
the crystalline phase, is characterized by a metallic
behavior. i 2 This semiconductor-to-metal transition also
has been detected in Si upon melting &om the crystalline
state. ' The structure of both systems is, however, more
complicated than simple liquid metals. ' This intriguing
property has motivated several studies of liquid Ge and
Si from experimental and theoretical standpoints.

The structure of liquid Ge has been characterized by
neutron-di8'raction and x-ray experiments, showing a
low coordination number (between 5 and 7). Most liq-
uid metals have almost a close-packed structure with a
coordination number 12. These results have been in-
terpreted by several authors as the persistence of cova-
lent structures, and moreover, by the existence of tran-
sient Ge clusters with fast exchange in the fluid phase.
Self-diffusion studies in liquid Ge have shown that in the
temperature range of 1200—1500 K there is an abrupt
decrease in the diffusion coeficient as the melting point
(TM) is approached, indicating a rearrangement of the
short-range order.

Theoretical work on liquid Ge has been dedicated to
studying its electronic and structural properties using

various techniques. Linearized-muon-tin orbital calcu-
lations predicted an electronic structure for liquid Ge
far from the free-electron model and from any of the
crystalline (semiconductor or metallic) phases. Density-
functional theory and pseudopotential methods have
been used to produce pair potentials which lead to struc-
ture factors and pair-correlation functions in agreement
with experiments. Recently, an ab initio molecular-
dynamics calculation of liquid Ge at 1250 K has appeared
in the literature. This work was based on conjugate-
gradient techniques for energy minimization at each time
step of the simulation, and in subspace alignment to pre-
dict the wave functions for new atomic positions. This
approach was used to control adiabaticity in the metal-
lic system. The pair-correlation function as well as the

electronic density of states were found in agreement with
x-ray and photoemission experiments, respectively.

In this paper we present the results of an ab initio
molecular-dynamics simulation of liquid Ge at 1500 K in
which two Nose thermostats are used. This is an alter-
native way to control adiabaticity, preventing the devi-
ation of the electronic wave functions &om the ground
state during the coupling with ionic degrees of &eedom.
Our goal in performing this calculation is, in addition to
obtaining structural and electronic information at higher
temperatures, to study dynamical properties of liquid Ge.
As it is well recognized, the ab initio molecular-dynamics
method is an efficient scheme to generate from first prin-
ciples the Born-Oppenheimer dynamics of the nucleii. In
the present case, we analyze the effects of the interplay
between the electronic structure and the atomic dynam-
ics in liquid Ge. Of particular interest is determining if
the covalent structures present in the fluid phase at 1270
K (Ref. 5) will survive at 1500 K.

In the following section we present a description of the
method as well as computational details. Section III con-
tains the results and a discussion. Finally, in Sec. IV we

present the conclusions of this work.

II. THEORY

A. Method

We used the ab initio molecular-dynamics scheme, de-
veloped by Car and Parrinello. In this scheme the
Kohm-Sham equations of the local-density-functional
theory (LDF) (Ref. 14) are solved iteratively, treating
the atomic coordinates (Rl} and the electronic wave
functions (g;), corresponding to occupied states, as dy-
namical degrees of freedom of a fictitious classical system
described by the following equations of motion:
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where x and x~ are the therxnostat degrees of &eedom.

where the dots indicate time derivatives, My denotes
atomic masses, p, is an adjustable parameter setting the
time scale for the fictitious electronic dynamics, A;z are
Lagrange multipliers used to satisfy the orthonormality
constraints on @;(R,t), and E[{@;},{Rr}]is the LDF
energy functional with the local-density approximation
for exchange and correlation, plus the ionic Coulomb in-
teraction.

E[{Q;},{Rr}]acts as the potential energy of the fic-
titious system. If the Born-Openheimer (BO) approx-
imation holds within the density-functional theory, the
many-body potential 4[{Rr}]which defines the BO
potential-energy surface for the ious, corresponds to the
minimum of E[{g;},{Rr}]with respect to the "electronic
degrees of freedom" {g;}:

(3)

To solve Eqs. (1) and (2), the ground-state Kohn-
Sham functions for {Rr(t = 0)}, with time derivatives

{g(t = 0)}equal to zero, are taken as initial conditions
for the electronic degrees of &eedom, i.e., E is initially
equal to 4. If the classical kinetic energy for the elec-
tronic degrees of &eedom is much smaller that the ionic
kinetic energy, the electrons are very close to the ground
state, i.e., E is very close to C, and Eq. (2) describes
physical atomic trajectories. A condition for the applica-
bility of the Car-Parrinello method is that the time scale
for the heat transfer &om the ions to the electrons is so
long that no deviations from the BO surface occurs dur-
ing the molecular-dynamics (MD) simulation time. This
can be achieved for the case of insulators by an appropri-
ate choice of p. For the case of metallic systems, energy
transfer on a relatively small time scale occurs for any
choice of p. This problem can be circumvented by intro-
ducing two Nosei thermostats, having masses QR and
Q„associated with the ions and electrons, respectively. is

The ionic thermostat is used to keep the average ionic
temperature equal to the preset value T, while the elec-
tronic therxnostat is used to keep the total classical ki-
netic energy of the electronic degrees of &eedom very
close to a preset value Ep;„0.The equations of motion
can be now written as

B. Computational details

We have used a cubic cell containing 64 atoms with
periodic boundary conditions of the simple cubic type.
The cell size is chosen as 11.196 A., giving the experimen-
tal number density at T TM, n = 0.0456k s.ir The
electronic wave functions are expanded in plane waves
with a kinetic-energy cutoff of 12 Ry. Only the I' point
was used to sample the Brillouin zone of the molecular-
dynamics (MD) supercell. The norm-conserving pseu-
dopotential is taken &om Ref. 18, and includes both
8 and p nonlocal terms, which are treated within the
Kleinman-Bylander scheme. i9 This pseudopotential has
been used extensively in the study of bulk Ge, and the
(111) surfaces of Ge, both at T = 0 K (Ref. 21) and at
finite temperatures, giving excellent results.

To prepare the liquid, the atoms are initially arranged
in the diamond structure. They are given random dis-
placexnents corresponding to T 300 K. Then the tem-
perature is raised gradually up to 2000 K, well above
the melting point. The system is kept at this texnpera-
ture until the xnean square displacement shows difFusive
behavior typical of a liquid. The temperature is then re-
duced to 1500 K, above the experimental melting point
of 1250 K. The system is equilibrated for a few thousand
time steps (the integration time step was 2.4 x 10 s),
and statistics are collected for around 2.4 ps.

III. RESULTS AND DISCUSSION

A. Structural properties

Using the ionic coordinates of the configurations col-
lected during the last 2.4 ps of the simulation, we ob-
tained the static structure factor S(k) and the pair-
correlation function g(r), and show them in Figs. 1(a)
and 1(b), respectively, together with x rays and neutron-
scatterings data. Considering the differences between the
two sets of experimental data, the agreement of our re-
sults is excellent. The first peak of S(k) is asymmetric,
with a shoulder on the high-k side. This shoulder has
been interpreted as coming &om covalent bonds that re-
main in the liquid. The first peak in g(r) is also asymet-
ric, and there is a hump between the first peak positioned
at 2.63 A and the second one at 5.72 A. This hump was
considered as a characteristic feature of g(r) for tetrava-
lent elements by Hafner and Kahl. 4 In the present case, as
in the neutron-scattering data the hump is not as sharp
as in the x-ray-difFraction data and in the calculation of
Kresse and Hafner. The average coordination number,
as obtained by integrating g(r) up to the first minimun
r = 3.35 A is 7.0 in close agreement with the x-
ray experimental values of 6.8 (Ref. 3), and 7.1.2s It is
somewhat higher than the value found by Kresse and
Hafner of 6.2. This is not surprising since we are using
higher density and texnperature. In Fig. 2 it can be seen
that there is a broad distribution of local coordination
numbers doxninated by the sixfold and sevenfold. In the
case of liquid Si, this distribution is centered at the
sixfold, indicating a lower local coordination. Additional
information on the short-range order can be obtained
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from higher-order correlation functions, in particular, the
triplet correlation function. This is especially important
in our case since the system retains some covalent bond-
ing effects and has directional forces. Triplet correlations
are expessed in terms of the bond angles between the
two vectors that join a central atom with two neighbors
at a distance less than r . Figure 3 shows that short
bonds form angles broadly distributed around the tetra-
hedral angle, while longer bonds form angles distributed
around 0 60' and 90'. These results are similar to
those found in liquid Si, 4 and to the results of Kresse
and Hafner. However for the case of large bonds, e.g. ,
R = 3.3 A. , our peak close to 8 60' is not as sharp as
the one of Kresse and Hafner. Again, we interpret this
difFerence as coming from the higher temperature and/or
density we are using in the present calculation.

B. Dynamical properties

The atomic trajectories of our MD simulation allow
us to study time-dependent phenomena and transport
properties. The diffusion coefficient D can be evaluated
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FIG. 2. Distribution d(N) of local coordination numbers
in liquid Ge. The coordination shell is obtained by counting
the number of atoms at a distance shorter than r;„,the first
minimum in g(r).

from the behavior of the mean square displacement R2(t)
for large t, using the Einstein relation

N

R'(t) —= —) [Rl(t) —R,(0)]' = 6Dt.
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A quasilinear behavior in the mean square displacement
along the entire simulation time of 2.4 ps, characteristic
of a diffusive motion, is shown in Fig. 4. A least-squares
Bt gives a value of D 1.2 x 10 cm s . Close to the
melting point, Pavlov and Dobrokhotov reported two
self-diffusion coefficients: one of D 1.21 x 10 cm2 s
(similar to the value found in the present study), and
the other of 0.78 x 10 4 cm2 s i. In the range of 1350—
1500 K, their values vary from 1.62 x 10 cm s up to
3.21 x 10 4 cm2 s i. We remark here that although our
simulated sample shows good liquidlike behavior, we do
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FIG. l. (a) Structure factor S(k), and (b) radial distri-

bution function g(r) of liquid Ge. Solid line, this calculation;
dashed line, neutron scattering experiment (Ref. 5); dotted
line, x-ray experiment (Ref. 2).
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FIG. 3. Bond-angle distribution function gs(e, r ) for liq-
uid Ge at T 1500 K calculated for different values of the
maximum bond length r . The full line is obtained by taking

equal to the first minimum in g(r) The dashed line .was
obtained using the bond length of crystalline Ge.
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FIG. 4. Mean square displacement R (t) as a function of
time in liquid Ge at T 1500 K.

FIG. 5. Power spectrum I(v) as a function of frequency
in liquid Ge at T 1500 K for two different times: (a) t = 0.7
ps for the solid line, and (b) t = 1.1 ps for the dashed line.

not know the precise value of its melting point. Consider-
ing this fact, and also the strong dispersion of the exper-
imental data in the whole temperature range, especially
around the melting point, we find our difFusion coefficient
to be in satisfactory agreement with these experimental
results. Our value is also consistent with the one ob-
tained for liquid Si (Ref. 24) (D 2.26 x 10 4 cm2s
at T = 1800 K), since the mass efFect is higher in liq-
uid Ge. From Fig. 4 we observe that on average each Ge
atom has traveled a distance of 2.1 A. in 1 ps while dur-
ing the same time a Si atom has difFused by $.7 A..s4

Along the total time of the simulation a Ge atom has
moved by 5.1 L, close to one crystal lattice constant.

Additional information on the dynamical behavior of
liquid Ge can be obtained &om the power spectrum
I(v), the Fourier transform of the velocity autocorrela-
tion function C(t),

I(v) = 2 C(t) cos27rvtdt,
0

where C(t) is defined as

(v(0) v(t))
(v(0) v(0))

observed in liquid Si, given the mass difference between
these elements.

C. Bonding and electronic properties

The low coordination number in liquid Ge compared
with the one seen in simpler liquid metals suggests that
covalent bonds similar to those of crystalline Ge may
still be present in the liquid. This idea was proposed by
Aschroft, s to explain the shoulder observed in the first
peak of the structure factor S(k). To investigate this
question further, we have performed an analysis of the
charge distribution which in the ab initio MD scheme
is generated together with the atomic trajectories. In
Fig. 6, we compare bonding characteristics in crystalline
Ge, and temporal bond sites in a typical configuration
of liquid Ge (taken at the end of the simulation time).
We can clearly see from these plots the presence of cova-
lent bonds between three of the atoms in the liquid. In
Fig. 6(b) the two neighbors of the central atom are at
distances close to those of crystalline Ge, and the angle

In Fig. 5 we plot I(v) using two difFerent correlation
times: t = 0.7 ps for the solid line and t = 1.1 ps for the
dashed line. In agreement with tight-binding molecular-
dynamics calculations for l-Si, we observe that the fea-
tures present in I(v) become more pronounced as the
correlation time is increased. For both cases, in addition
to the diffusive modes at low frequencies, it is notorious
the presence of b»~ps at intermediate &equencies which
can be associated to vibrational modes coming kom the
covalent bonds still present in the liquid. A similar situ-
ation has been found by Stich et a/. 4 for liquid Si. They
obtained a shoulder in I(v) in the frequency range of 9—10
THz which was interpreted as a reminicence of the vibra-
tional motion of covalent bonds. The bumps observed in
liquid Ge around 4 THz are consistent with the feature

(a)

FIG. 6. Contour plots of the valence-electronic charge
density. (a) Crystalline Ge in the (110) plane. (b) A typical
con6guration of liquid Ge in the plane formed by the three
atoms joined by bonds.
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ionic configurations. The lowest 160 Kohn-Sham states
at the I' point are used for each set of Rl [Fig. 7(a)].
They are calculated using a conjugate-gradient minimiza-
tion procedure. For comparison we show in Fig. 7(b) the
density of states of bulk Ge at T = 0 K, calculated us-
ing our 64-atom supercell, and the same energy cutoK of
12 Ry. We found an energy gap of 0.4 eV. From Fig.
7(a) it can be clearly seen that l-Ge is metallic, with a
deep pseudogap about 5 eV below the Fermi level. This
density of states is in good agreement with experimental
results and other theoretical calculations. The pseu-
dogap is characteristic of heavier elements but not of Si,
which is more kee-electron-like. Jank and Hafner have
shown that the formation of the pseudogap is due to a
s-p splitting arising from relativistic effects that are more
important in heavier elements like Ge.
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FIG. 7. Density of states DOS(E) of (a) liquid Ge at
T 1500 K, and (b) bulk Ge at T = 0 K. The dashed line
corresponds to the highest occupied state and the dotted line
to the lowest unoccupied state. The energy gap for the bulk
case is 0.4 eV.

IV. CONCLUSIONS

The ab initio molecular-dynamics method was used to
study structural, dynamical, and electronic properties of
liquid Ge at T = 1500 K. Two Nose thermostats were
coupled to the system to control adiabaticity and avoid
the inestabilities in the metallic liquid Ge. Good agree-
ment with available experiments and other theoretical
calculations was obtained. In particular, the structural
and electronic properties are similar to those obtained by
Kresse and Hafner using an alternative method to pre-
serve adiabaticity. The dynamical behavior of liquid Ge
at 1500 K shows the persistence of some covalent bonds
in the melt. The calculated diffusion coefBcient is in sat-
isfactory agreement with available experimental data. In
a system like this, where covalent and metallic behavior
coexist, it is important to incorporate the interplay be-
tween electronic structure and atomic motion, that only
ab initio molecular dynamics can provide.
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