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The first-principles molecular-dynamics simulation was performed for liquid Ge at 1253 K by using two
kinds of simulation cells: The cubic cell of 64 atoms and the rectangular parallelepiped one of 128 atoms. The
rectangular parallelepiped cell of 128 atoms was adopted to obtain the dynamic structure factor of liquid Ge in
the small wave number region. The long simulation time was adopted, i.e., 66 ps for the cubic cell and 75 ps
for the rectangular parallelepiped one. The present first-principles molecular-dynamics simulation reproduces
well the experimental static structure factor and radial distribution function. A broad peak around 100° in
the obtained bond angle distribution function implies the existence of the tetrahedral atomic unit in liquid
Ge. The self-diffusion coefficient for the rectangular parallelepiped cell is 20% larger than that of the cubic
one. The obtained dynamic structure factor agrees well with the experimental one obtained by the inelastic
x-ray scattering experiment �Hosokawa et al., Phys. Rev. B 63, 134205 �2001��, which shows the
“de Gennes narrowing” of the main peak and the existence of the side peaks. These side peaks represent a
longitudinal vibrational motion, which was also supported by the subsidiary peak around 30 ps−1 in the spectral
density of the velocity autocorrelation function. The gradient of the dispersion relation in the present simula-
tion agrees well with the experimental sound velocity. This “no positive dispersion” accords well with the
inelastic x-ray scattering experiment of Hosokawa et al. The reason for this “no positive dispersion” for liquid
Ge is discussed in particular concern with its low kinematic viscosity. Though the velocity autocorrelation
function itself does not show a cage effect, a microscopic cage effect can be found by the detailed analysis for
the trace and environment of the single atomic motion. The atomic movement as a group of 3–5 atoms seems
to be present in liquid Ge in addition to individual atomic motions. The covalent bond seems to be also present
at least instantaneously in liquid Ge.
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I. INTRODUCTION

The structure of liquid Ge is complicated compared with
that of simple liquid metals, such as liquid alkali metals.
Unlike simple liquid metals, the structure factor, S�Q�, of
liquid Ge has a shoulder in the high Q �Q: wave number�
side of the main peak.1–5 Similar shoulders can be seen for
some group 13, 14, and 15 elements in the liquid state.1

Particularly a systematic increasing tendency with the de-
crease of the atomic mass6–9 can be seen for such a shoulder
in the S�Q�’s of the group 14 elements in the liquid state.
Harada et al.9 showed the similar systematic variation of the
shoulder among group 14 elements in the liquid state includ-
ing the S�Q� of liquid carbon, which was obtained by the
first-principles molecular-dynamics �FPMD� simulation. The
origin of this shoulder has been discussed from various
points of view,6 such as a double hard sphere model,10,11 the
distorted �-Sn structure12 based on the reverse Monte Carlo
analysis of the experimental S�Q�, the existence of the ledge
in the interionic pair potential,13–16 the ledge �or wiggle� in

the interionic pair potential due to the interplay between the
effective core radius and the wavelength of the Friedel
oscillation,7,17 the Peierls distorsion or Kohn anomaly,18 and
the polarization effect of ion cores19,20 or the existence of the
cluster units �or many body potential� even in liquid
metals.21 The role of this ledge in the interionic pair
potential7,8 was also applied to explain the systematic varia-
tion of liquid structures among the group 14 elements �Si,
Ge, Sn, and Pb�. Even the systematic trend of the crystal
structures in the periodic table has been explained from this
interplay of two characteristic lengths in the interionic pair
potentials.22

Recently, Itami et al.6 showed by the neutron scattering
�NS� experiment the existence of the shoulder in the first
peak of S�Q� for liquid Sn even at 1873 K, which is far
higher temperature than the melting temperature, Tm and by
their FPMD simulation an evidence of at least the fragment
of the tetrahedral atomic group in liquid Sn. In addition, the
S�Q�’s of group 14 elements in the liquid state are classified
into two categories,23 densely packed liquids �Pb, Sn� and
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loosely packed ones �Ge, Si�. The latter group in the solid
state is a semiconductor, which has a diamond structure con-
nected by a covalent bond. The former group in the solid
state has a metallic character which is derived from rather a
closely packed structure. Still now, it is open to question
whether the atomic group connected by the covalent bond is
still present or not in liquid metals whose S�Q�’s show the
shoulder in the high Q side of their first peak. Therefore, it is
important to clarify experimentally and theoretically the mi-
croscopic feature of the structure of liquid Ge, for which the
S�Q� has a far more distinct shoulder than that of liquid Sn.
The experimental condition for liquid Ge is not so severe
compared with that of liquid Si due to its lower Tm and less
corrosive properties. It is very important to study the static
and dynamic structures and physical properties of liquid Ge
in detail as a representative of liquid metals with such shoul-
ders.

From the interest in the effect of covalent bond on the
physical properties of liquids, many physical properties have
been studied for liquid semiconductors including liquid Ge
and Si.24,25 The atomic transport properties are expected to
be strongly dependent on the covalent bond in liquids if
present. The self-diffusion coefficient, D, has been measured
also for liquid Ge on the ground26 and even under
microgravity.27,28 Recent accurate experimental data of vis-
cosity by Sato et al.29,30 show that liquid Si and Ge are not so
viscous even just above the Tm. Itami et al.23 explained quali-
tatively based on the hard sphere model that the low viscos-
ity of liquid Si and Ge is derived from their loosely packed
structures. The role of packing and covalent bonds on the
structure and physical properties of liquid Ge must be ana-
lyzed in detail from more fundamental point of view.

The dynamic structure factor, S�Q ,�� is the most funda-
mental property for atomic dynamics in condensed matters.
Under the situation of no experimental data available for the
comparison, a preliminary theoretical calculation18 of the
S�Q ,�� was performed for liquid Ge based on the viscoelas-
tic theory.31–33 At present, the experimental S�Q ,�� is avail-
able for liquid Ge at 1253 K �Ref. 34� and 1773 K �Ref. 35�
and even for liquid Si at 1733 K �Ref. 36� from the inelastic
x-ray scattering �IXS� experiments by Hosokawa et al. The
characteristic features of the S�Q ,�� of liquid metals �or
liquids�37 are the existence of the narrowing of the main peak
around the QP �QP: Q corresponding to the first peak of
S�Q�� �“de Gennes narrowing”� and the existence of the side
peaks around the main peak in the Q range below the QP /2.
These side peaks are derived from the longitudinal vibra-
tional mode.31–33 In the low Q region, a linear relation was
found in the dispersion relation, which can be obtained in
principle from the peak angular frequency, �P, of these side
peaks as a function of the Q. These particular features of the
S�Q ,�� were also observed for liquid Ge.34,35 However, the
gradient of the dispersion relation near Q=0 for liquid Ge
accords well with the experimental velocity of sound38 �“no
positive dispersion”�. Hereafter, when the gradient of disper-
sion curve in low Q region is larger �smaller� than the ex-
perimental velocity of sound, vs, we call its characteristic
feature the positive �negative� dispersion �e.g., Ref. 37�. In
addition, when it accords with the vs, we call this phenom-
enon “no positive dispersion.”

Until now almost all studies about the S�Q ,�� of liquids
have shown the “positive dispersion,” as can be seen for
many liquid metals,37 expanded liquid Hg,39 liquid NaCl,40

water,41–43 and liquid CCl4 �Ref. 44� and even for
glasses.45–47 Bove et al.48 showed that the almost same posi-
tive dispersion relation can be observed for liquid Ga regard-
less of experimental tools, IXS technique, or inelastic neu-
tron scattering �INS� one, or molecular-dynamics �MD�
simulation. According to Table I in the previous review,37

only two exceptions among 25 liquid metals can be seen, that
is, “no positive dispersion” for liquid Ge �Refs. 34 and 35�
and “negative dispersion” for liquid Ni.49 The “no positive
dispersion” for liquid Ge, which was reported by the IXS
experiment by Hosokawa et al., 34,35 is quite curious judging
from the fact that the dispersion relation for liquid Si, which
seems to be a similar liquid to liquid Ge, shows a consider-
ably large “positive dispersion.”36 Scopigno et al.37 also, in
their excellent review, stressed the necessity of further ex-
perimental investigations particularly about the “no positive
dispersion” of liquid Ge. However, it is a fact that the “no
positive dispersion” for liquid Ge was reproduced by the
theoretical calculation of Hoshino50,51 based on the vis-
coelastic theory,31–33 though predicted side peaks are a little
larger compared with experimental ones.34 Therefore, it is
important to study further the S�Q ,�� of liquid Ge by using
a reliable MD simulation.

The classical MD simulations, which are based on the
Newton’s equation of motion, were reported for liquid Ge by
Arnold et al.52 and Yu et al.,53 who were concerned with
rather static properties of liquid Ge. In addition, the interi-
onic pair potentials employed by them contain some ambi-
guity such as the adoption of the nearly free electron model54

or the empirical model form and parameters55 for many-body
potential. For complex liquids including liquid Ge,
Ashcroft21 stressed the importance of many-body potential
with rigorous theoretical basis. The FPMD simulation, which
is based on the quantum mechanical density functional
theory for the many electrons system,56 is useful because of
its freedom from the interionic potential.

Up to date, such FPMD simulations for liquid Ge have
been reported by Kresse and Hafner,56,57 Takeuchi and
Garzón,58 Kulkarni et al.,59 Munejiri et al.,60 Chai et al.,61

and Hugouvieux et al.62 The first four studies56–59 provided
the discussions mainly about various static properties, such
as S�Q�, radial distribution function, g�r�, and bond angle
distribution function, g�3��� ,r�. In addition, these studies dis-
cussed some properties related to the atomic dynamics, such
as mean square displacement �MSD�, velocity autocorrela-

tion function �VAF�, Z�t�, its spectral density, Z̃���, and D.
These simulations reproduced the shoulder of the experimen-
tal S�Q� for liquid Ge. In addition, they have well reproduced
the experimental g�r�, particularly the flat shape or the small
hump between its first peak and second one, which is known
as a characteristic feature of the experimental g�r� for liquid
Ge.1,8 However, the dynamic structure factor, S�Q ,��, was
not evaluated in these studies. Munejiri et al.60 have already
reported the preliminary calculation of the S�Q ,�� based on
the FPMD simulation with a boundary condition of a cubic
cell of 64 atoms and a simulation time of 66 ps. Chai et al.61
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also presented the S�Q ,�� of liquid Ge by means of the
FPMD simulation with a similar boundary condition and a
simulation time of 16 ps. The “de Gennes narrowing” of the
S�Q ,�� was reproduced by these FPMD simulations60,61 in
the larger Q range �over 5.6 nm−1�, which does not cover the
low Q one required for the comparison of the calculated
dispersion relation with the IXS experiment �2.0–28 nm−1�
by Hosokawa et al.34 Hugouvieux et al.62 reported the FPMD
simulation of 30 ps based on the VASP code for liquid Ge.
The dispersion relation was also discussed, though, in addi-
tion to larger Q range �7–11 nm−1�, adopted temperatures
were different from the experimental ones of Hosokawa et
al.34,35 Therefore, at present the detailed study of the FPMD
simulations is desired for the analysis of the dispersion rela-
tion for liquid Ge.

According to the general trend of the �P,31–33 with the
increase of the Q the �P increases linearly near Q=0, then it
shows a suppression tendency followed by a maximum
around the QP /2 and then a minimum at the QP. This sup-
pression tendency of the �P may be derived from the “struc-
tural effect,” which was clearly shown for liquid Li by the
antiphase variation of the �P against the S�Q�.37,63 The
“positive dispersion” of liquids has been interpreted based on
the generalized hydrodynamics31 as the crossover from the
hydrodynamic behavior to the viscoelastic one. From this
approach, the solidlike response in liquids is responsible for
the “positive dispersion.”31 Based on this theory, Hosokawa
et al.34,35 concluded that the “positive dispersion” for liquid
Ge should be present in the energy range beyond 7.8 meV
�Ref. 34� or 16.7 meV.35 Unfortunately the “positive disper-
sion” in this energy range may be masked by the suppression
tendency in the dispersion relation due to the “structural ef-
fect” described above. The close relation of the atomic dy-
namics in liquids to that in solids was reported for liquid K
by Cabrillo et al.64 and Bove et al.65 by the INS experiment.
Balucani and Zoppi33 showed a possibility that the “positive
dispersion” should be more distinct for liquids with a “harsh”
interatomic pair potential than those with a “soft” one by
considering the role of so called Einstein frequency. With the
increase of the Einstein frequency for the “harsh” interionic
pair potential, the viscoelasticity is expected to increase.

As the origin of this “positive dispersion” Scopigno et
al.37,63 presented an idea quite different from above view
points derived from the solidlike behavior. They considered
that there exist two channels63 for the relaxation of the
atomic dynamics in liquid Li, one is the slower structural
relaxation and the other is the faster relaxation. They con-
cluded that the “positive dispersion” is strongly related to the
faster relaxation, which may originate from the general re-
laxation process peculiar to the vibrational dynamics. This
view point may be consistent with the existence of the “posi-
tive dispersion” for almost all kinds of liquids and even for
glasses as described above. Such a two-exponential decay of
the memory function was introduced previously also by
Levesque et al.66 Particularly concerned with the “positive
dispersion” of glasses, Song-Ho Chong67 recently presented
the theory of dispersion relation for glasses with a Lenard-
Jones potential based on the mode-coupling analysis.68 In
this analysis such two processes, the structural relaxation and

the vibrational one called as the anomalous oscillation peak
�AOP�, were taken into account. The “positive dispersion”
for the liquid state was reproduced successfully. Even the
possibility of the “negative dispersion” was pointed out for
the deep-in-glass state. However, the application of this ap-
proach seems to be not appropriate for liquid Ge because the
mode-coupling �MC� theory, which is the basis of Song-Ho
Chong’s theory, is not valid to liquid Ge, as described below.
Therefore, the application of the MC theory does not seem to
be a unique answer to solve the problem of the “no positive
dispersion” for liquid Ge, though it is valid to explain the
“positive dispersion” in the wide range of the state from
liquid to glass.37,67 It is very important to study the disper-
sion relation of liquid Ge by the reliable FPMD simulation.

The atomic dynamics has been discussed successfully
also from the MC theory,31–33 mainly for simple liquid
metals, like liquid alkali metals near the melting
temperature.69–73 As shown by Gudowski et al.,74 this MC
analysis is not always valid for liquid Pb because of its posi-
tively repulsive interionic pair potential. Hoshino et al.75

concluded that the MC theory is invalid for liquid Na at
900 K and for liquid Ge and Sn even near the Tm, though it
is valid for liquid Na near the Tm. These studies indicate that
the MC theory is not valid for liquid metals with a positively
repulsive interionic pair potential �liquid Pb and Ge� and a
interionic pair potential showing a shallow minimum �liquid
Sn near the Tm and liquid Na at 900 K�. Under such interi-
onic pair potentials, a required condition for the MC theory
may be broken down, that is, a free particlelike motion, cor-
responding to the short time decay of the binary collision
effect, is restrained due to the coupling of atomic motion
with neighboring atoms.74,75 This breakdown of the MC
theory for liquid Na at 900 K �Ref. 75� seems to warn us of
the limitation of the MC theory for the explanation of “posi-
tive dispersion,” because the “positive dispersion” itself was
found experimentally for liquid Na �Refs. 37 and 76� up to
the higher temperature of 1173 K. It is a fact that at present
the most promising analysis of the atomic dynamics in liq-
uids is the MC theory. Therefore, other theoretical tools must
be applied to clarify the atomic dynamics in liquid Ge. In
this respect, it is very important to perform a reliable FPMD
simulation, which is free from theories described above.

For the acquirement of the reliable S�Q ,�� from the
FPMD simulation, it is important to adopt a long simulation
time and to realize a small Q value. Such a small Q value
can be obtained by the adoption of the simulation cell with
a large size. For this purpose, in the present FPMD study,
a rectangular parallelepiped cell was adopted. Following
the preliminary report,60 the present paper describes fully
the results of the FPMD study for liquid Ge at 1253 K,
which was performed by using both the cubic cell of 64
particles with a simulation time of 66 ps and the rectangular
parallelepiped cell of 128 particles with a longer one of
75 ps. The system size dependence of the D and other physi-
cal properties was also investigated. In addition, the S�Q ,��
and the atomic dynamics were analyzed in detail. In Sec. II,
the method of the present FPMD simulation is described
particularly in detail for the dynamic structure factors and
dynamic properties. In Sec. III obtained results in the present
FPMD simulation are described fully for the static and dy-
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namic properties of liquid Ge, more specifically S�Q�, g�r�,
g�3��� ,r�, coordination number distribution, MSD, VAF, D,

Z̃���, S�Q ,��, dispersion relation, and the trace and environ-
ment of the single atomic motion.

II. METHOD OF THE FIRST-PRINCIPLES MOLECULAR-
DYNAMICS (FPMD) SIMULATIONS

The present first-principles molecular-dynamics �FPMD�
simulation was based on the density functional theory in
which the generalized gradient approximation77 was adopted
for the exchange-correlation energy. Employed interaction
between the valence electrons and the ions is the norm-
conserving pseudopotential,56,57 which was evaluated for the
electron configuration of 4s24p24d0 for Ge atoms. The elec-
tronic wave functions at the �-point of the Brillouin zone
were expanded by a plane wave basis set with a cutoff
energy of 11 Ryd. The Kohn-Sham energy functional was
minimized by the preconditioned conjugate-gradient
method.56,57,78,79 The FPMD simulation of constant tempera-
ture condition was carried out by using the Nosé80-Hoover81

thermostat.
The adopted number density of the system, n, was

46.58 nm−3, which was calculated from the experimental
density of liquid Ge at 1253 K.82 The FPMD simulation with
a periodic boundary condition was carried out by using 64
atoms in a cubic cell �system 1�. The sidelength of the FPMD
supercell, L, was 1.111 nm. To calculate the dynamic struc-
ture factor accurately, we performed a long-time FPMD
simulation of 66 ps, which corresponds to 22 000 steps �one
step: 125 a.u. �3.02 fs��. Physical properties were calculated
by averaging over atomic configurations of 21 500 steps
after the thermodynamic equilibrium was established. In
the system 1, the smallest wave number, Qmin, was
5.7 nm−1�=2� /L�. On the other hand, experimental dynamic
structure factors were reported for 2.0 nm−1�Q
�28.0 nm−1.34 To obtain the dynamic structure factor,
S�Q ,��, in the smaller Q region in the FPMD simulation, a
larger system of 128 atoms �system 2� was also adopted in
addition to the system 1. The adopted FPMD supercell of the
system 2 was not a cubic box but a rectangular parallelepi-
ped one whose one sidelength, L1, was twice of the length of
the other two sides, L2 and L3. The explicit values were L1
=2.222 nm and L2=L3=1.111 nm. In the system 2, the Qmin
was 2.8 nm−1�=2� /L1�. The FPMD simulation of the system
2 was carried out during 75 ps, which corresponds to 25 000
steps.

The structure factor, S�Q�, and the radial distribution
function, g�r�, were evaluated by the conventional
methods.83 The mean square displacement of atoms �MSD�,
��r�t�−r�0��2� �r�t�: position vector of atom at time t; �¯�:
thermal average�, was calculated in a conventional manner
by averaging over all atoms and time origins in the whole
MD steps. The velocity autocorrelation function �VAF�,
�v�t� ·v�0�� �v�t�: velocity vector of atom at time t�, was

calculated similarly. The spectral density of the VAF, Z̃���,
was calculated by the Fourier transform of the VAF. The
self-diffusion coefficient, D, was obtained from both the

MSD and the time integral of the Z�t� based on the well
known equations32,84

D = lim
t→�

��r�t� − r�0��2�
6t

= lim
t→�

MSD

6t
, �1�

D =
1

3
�

0

�

Z�t�dt . �2�

The dynamic structure factor, S�Q ,��, was calculated in
terms of the intermediate scattering function, F�Q , t�, which
is defined as the space Fourier transform of the van Hove
correlation function, G�r , t�:32

F�Q,t� =� d3r exp�− iQ · r�G�r,t� �3�

=
1

N
�nQ�t�n−Q�0�� . �4�

In this equation, N is the number of atoms; the notation,
nQ�t�, is the Fourier transform of the number density operator
and defined explicitly as

nQ�t� = �
j=1

N

exp	− iQ · r j�t�
 . �5�

The S�Q ,�� is given as

S�Q,�� =
1

2�
� dt exp�− i�t�F�Q,t� . �6�

That is, the S�Q ,�� corresponds to the spectral density of the
F�Q , t� at a given wave number, Q.

III. RESULTS AND DISCUSSIONS

The present FPMD simulation is characterized by a long
simulation time, the realization of a low Q value, and the
investigation of the system size dependence. For the system
2 in the present FPMD simulation, the simulation time was
taken to be 75 ps. The long simulation time and the low Q
value, realized by the rectangular parallelepiped cell, are
very effective to calculate the dynamic properties of liquids,
particularly the dynamic structure factor and the dispersion
relation for the longitudinal vibrational mode.

A. Static properties-structure factor, radial distribution
function, bond angle distribution function, and coordination

number distribution

The obtained S�Q�’s of the systems 1 and 2 for liquid Ge
at 1253 K were compared with the typical experimental
ones,1,3,5 as shown in Fig. 1. The first peak position of the
S�Q� in the present FPMD simulation was in good agreement
with previous experiments.1,3,5 The shoulder of the experi-
mental S�Q��Refs. 1–5� was also reasonably well reproduced
by the present FPMD simulation irrespective of the boundary
condition �system 1 or system 2�.
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In Fig. 2 was shown the obtained g�r�’s of the systems 1
and 2 for liquid Ge at 1253 K, together with the experimen-
tal ones.1,3 The first peak for the system 2 is only a little
lower and broader than that for the system 1. The position
and the height of the first peak of the g�r�, particularly for the
system 1 in the present FPMD simulation, were in good
agreement with those obtained by the x-ray diffraction ex-
periment by Waseda.1 The characteristic feature of the g�r�
for liquid Ge is the enhanced tendency between the first peak
distance and the second one. In this r range the small hump
was reported in the previous experiments1–4 instead of the
minimum, which is observed for simple liquid metals, such
as liquid alkali metals. This enhanced tendency was repro-

duced by a rather flat shape in the present FPMD simulation,
as can be seen in Fig. 2.

The calculated bond-angle distribution function,
g�3��� ,rc�, was presented in Fig. 3. The bond angle, �, was
defined by a pair of vectors drawn from a reference atom to
any other two atoms within the sphere of the cutoff radius,
rc. When the rc is 0.3 nm, which is longer than the first peak
distance of the g�r�, 0.27 nm, the g�3��� ,rc� shows a clear
peak centered around 60° in addition to a broad peak around
100°. When an interionic interaction is isotropic and, as is
the case of simple liquids, the atoms are closely packed, the
g�3��� ,rc� should have a peak around 60°. Therefore, the
peak around 60° in the present FPMD simulation indicates
the existence of the typical structure of simple liquids in
liquid Ge. Another peak angle, 100°, is close to the tetrahe-
dral bond angle of 109°. With decreasing the rc, the peak
around 60° disappears. As can be clearly shown in the inset
of Fig. 3, the g�3��� ,rc� for rc=0.27 nm shows only a single
broad peak near 100°. This peak suggests that some local
structure derived from anisotropic interactions remains in
liquid Ge. Similar tendency of the g�3��� ,rc� was already
reported in the previous FPMD simulations56–59 with a
boundary condition of a cubic box. The peak around 100° for
the system 2 is only slightly lower than that for the system 1.
Anyway, both results indicates that at least the fragment of
tetrahedral structure unit seems to be present in liquid Ge.

The coordination number distribution was shown in Fig.
4. The coordination number of nearest neighbor atoms is
usually evaluated from the g�r�.1 However, the conventional
method1 for this evaluation is not easy for the case of liquid
Ge, whose g�r� has no first minimum, as shown in Fig. 2.
Therefore, the coordination number, N, was evaluated as a
number of atoms within the sphere of the cutoff radius, rc,
around a certain Ge atom. The d�N� is defined as the fre-
quency of the appearance of N. In the present FPMD simu-
lation, the coordination number distribution, d�N�-N relation,
was given somewhat in detail for various rc’s compared with
the previous FPMD ones56,58,62 of cubic boundary condition.
The slight dependence of the d�N� on the boundary condition

� � �

� � �

� � �

� � �

� � �

�
�
�
	


 �� �� �� �
 �� �� ��

� � � �
� �

� � � �
� � � � � � � � � � � � � � 	

� � � � � � � � �   � ! " � � � �



# � � ! $ � �   � ! " � � � �
�

� � � � � � � � �   � ! " � � � �
�

FIG. 1. Static structure factor, S�Q�, of liquid Ge at 1253 K. The
solid line represents the S�Q� obtained by the present FPMD �first-
principles molecula-dynamics� simulation of 64 atoms �cubic cell:
system 1� and the dotted line is that of 128 atoms �long cell �rect-
angular parallelepiped cell�: system 2�. The open circle indicates the
S�Q� obtained by the x-ray diffraction �Ref. 1�; the open triangle
and the cross are the experimental S�Q�’s by the neutron diffraction
in Refs. 3 and 5, respectively.
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FIG. 2. Radial distribution function, g�r�, of liquid Ge at
1253 K. The solid line represents the g�r� obtained by the present
FPMD �first-principles molecular-dynamics� simulation of 64 atoms
�cubic cell: system 1� and the dotted line is that of 128 atoms �long
cell �rectangular parallelepiped cell�: system 2�. The open circle and
the cross indicate the g�r�’s obtained by the x-ray diffraction �Ref.
1� and by the neutron diffraction �Ref. 3�, respectively.
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FIG. 3. Bond-angle distribution function, g�3��� ,rc� of liquid Ge
at 1253 K. The solid line represents the g�3��� ,rc� obtained by the
present FPMD �first-principle molecular-dynamics� simulation of
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can be seen in Fig. 4; by changing the boundary condition
from the system 1 to the system 2, the d�N� for rc	0.3 nm
shifts only slightly to the smaller N direction and the d�N�
for rc=0.35 nm shifts only slightly to the larger N direction.
For the larger rc’s �
0.3 nm�, the maximum coordination
number, MCN, is 6–9, which is smaller than the coordination
number of nearest neighbor atoms for simple liquid metals,
10–11.1 This indicates that liquid Ge has a loose structure
compared with simple liquid metals. On the other hand, the
MCN shifts to smaller values, 2–4, with the decrease of the
rc. This may also show a possibility that in liquid Ge there
exists a pair or a triplet of Ge atoms joined by the covalent
bond.

In the present FPMD simulation, only a slight influence of
the boundary condition was observed on g�r�, g�3��� ,rc�, and
d�N�, as described above. The boundary condition of the
system 1 may be slightly restrictive compared with that of
the system 2, though obtained essential features are common
to both systems.

B. Atomic dynamics-mean square displacement, self-diffusion
coefficient, velocity autocorrelation function and its

spectral density, and dynamic structure factor

The obtained MSD and relative VAF, given by Z�t� /Z�0�,
were shown in Figs. 5 and 6, respectively. The solid and

dashed lines represent the results obtained by the systems 1
and 2, respectively. In Fig. 5 the MSD shows a free-
particlelike behavior until about 0.1 ps and then follows a
straight line �Brownian motion� in a long time region with an
excellent statistical accuracy. As depicted in Fig. 6, the VAF
shows almost only a positive region. This implies that the
cage effect is almost absent in liquid Ge. One important fea-
ture of the structure of liquid Ge is a loose packing of atoms.
As already discussed,23 liquid Si and Ge are classified into
the loosely packed liquid among the group 14 elements in
the liquid state. The packing fractions just above the Tm of
these liquids are only 0.30–0.33, which is far smaller than
0.45 for liquid Sn and Pb. This loose packing of atoms may
be responsible for the almost absence of the cage effect in
liquid Ge.

The D was evaluated from both the MSD and the time
integral of the VAF. The D estimated from the MSD for
1 ps� t�3 ps was found to be 0.89�10−8 m2 s−1 for the
system 1 and 1.07�10−8 m2 s−1 for the system 2. The D
from the time integral of the VAF is 0.92�10−8 m2 s−1 for
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FIG. 4. Change of the coordination number distribution at
1253 K with the variation of cutoff radius, rc �three figures in the
left side and two figures �top and middle� in the right side�; N:
Coordination number; d�N�: frequency of appearance of N. The box
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the system 1 and 1.09�10−8 m2 s−1 for the system 2. The D
of the system 2 is about 20% larger than that of the system 1.
The comparatively restrictive boundary condition of the sys-
tem 1 may give the smaller D compared with the system 2.
This means that, in a small scale simulation like the present
FPMD simulation, the periodic boundary condition and the
number of atoms may affect the dynamic properties of liq-
uids far remarkably compared with the static properties of
liquids.

The spectral density, Z̃���, of the VAF was represented in
Fig. 7. A subsidiary peak or bump is superimposed around
30 ps−1 on the main spectrum of the Brownian �diffusional�
motion.85 This subsidiary peak may support the existence of
the propagating longitudinal vibrational mode in liquid Ge,
which is a collective dynamics of atoms and is clearly shown
by the side peaks in the S�Q ,�� described later. A similar

subsidiary peak of the Z̃��� was also reported in the previous
FPMD simulations.56,58 Kresse and Hafner56 stressed that the
bump around 30 ps−1 is related to the existence of the propa-
gating longitudinal vibrational mode. As an evidence for this
relation, they showed that a peak around 30 ps−1 of the vi-
brational density of states, n��E�, for the amorphous Ge,
which was obtained by the FPMD simulation, corresponds to
the experimental longitudinal acoustical peak in the n��E� of
polycrystalline Ge.

In Figs. 8 and 9, obtained S�Q ,��’s for 2.0 nm−1�Q
�12 nm−1 and 17 nm−1�Q�28 nm−1 are shown, respec-
tively, together with the experimental ones.34 As can be seen
in these figures, the present FPMD simulations for both the
systems 1 and 2 well reproduce two characteristic features of
the experimental S�Q ,��,34 the presence of side peaks
around the main peak in the low Q region below 12 nm−1

�Fig. 8� and the “de Gennes narrowing” of the main peak
around Q=24 nm−1 �Fig. 9�, which is very close to the QP
�25.6 nm−1� of the S�Q�1–5 for liquid Ge �Fig. 1�. The former
feature is derived from the propagating longitudinal vibra-
tional mode.31–33 In the present FPMD study the presence of
such longitudinal collective mode in liquid Ge was con-

firmed from both the S�Q ,�� and the Z̃���. The latter fea-
ture, the “de Gennes narrowing,” indicates the existence of

the component of density fluctuation with a long decay time
corresponding to the QP,32,33 at which the S�Q� has the large
peak value. This long decay time can be understood from the
presence of the S�Q� in the denominator of the theoretical
expression32,33,86 for the width of the main peak in the
S�Q ,��. Physically speaking, the Q component of the
density-density correlation, which can be originally repre-
sented by the S�Q�, is largest at QP. Therefore, around QP,
the F�Q , t�, which corresponds to the density autocorrelation
function, decays considerably slowly.32 As a result, the nar-
rowing occurs for the S�Q ,��, which is the spectral density
of the F�Q , t�. Hosokawa et al.36 reported that the
“de Gennes narrowing” in liquid Si is observed at substan-
tially lower Q �20 nm−1� than the QP �27 nm−1�. As for this
problem, further studies must be performed experimentally
and theoretically.

C. Atomic dynamics-dispersion relation

In Fig. 10 the dispersion relation, �P-Q relation, in the
present FPMD simulation was compared with that given by
the IXS experiment by Hosokawa et al.34 The good agree-
ment of the dispersion relation for liquid Ge was obtained
between the present FPMD simulation and the IXS
experiment.34 It is worth mentioning that for the first time the
present FPMD simulation realized the comparison between
the simulated dispersion relation and the IXS experiment34

by adopting a small Q value obtained by the rectangular
parallelepiped cell �system 2�, though it is a fact that Mune-

1.0

0.5

0.0
806040200

ω (ps-1)

Ge 1253K
N=64
N=128 (Long Cell)

Z(
ω
)(
10

-9
m
2
s-
1 )

~

FIG. 7. Spectral density, Z̃���, of liquid Ge at 1253 K. The solid

and dashed lines show the Z̃��� for the system of 64 atoms �cubic
cell: system 1� and that of 128 atoms �long cell �rectangular paral-
lelepiped cell�: system 2�, respectively.
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jiri et al.60 and Chai et al.61 have already presented some
comments about such a comparison. Hugouviex et al.62

showed that the �P’s obtained by their FPMD simulation in
the high Q �
7 nm−1� region are well situated on the experi-
mental dispersion relation of Hosokawa et al.,34 though there
exists a difference between the temperature of their simula-
tion and that of the IXS experiment by Hosokawa et al.34 As
shown in Fig. 10, with the increase of the Q, the �P in the
present FPMD simulation increases with the gradient which
is very close to the experimental velocity of sound,
2682 ms−1.38 That is, the present FPMD simulation well re-
produced the “no positive dispersion” for liquid Ge.34 In Fig.
10 the �P seems to show a slight depression tendency in the
Q range over 8 nm−1. This suppression tendency may be
derived from the “structure effect,”37,63 as already described.

As described in the Introduction, it is not easy to under-
stand the “no positive dispersion” for liquid Ge from the
existing view points. Particularly we stress that the MC
theory may be invalid for the explanation of “positive dis-
persion” of liquids. The main reason for it is the breakdown
of the MC theory for liquid Na at 900 K �Ref. 75� in spite of
the existence of “positive dispersion” up to 1173 K.76 Casas
et al.72 showed a fair success in the explanation of the physi-
cal properties of atomic dynamics for liquid Li up to a con-
siderably high temperature, 843 K, based on the self-
consistent treatment of the MC theory,87 in which the input
structure information was calculated by the variational modi-

fied hypernetted chain approximation.88 Unfortunately, the
interionic pair potential, which has a key role for the validity
of the MC theory, was not shown in this paper. However, if
the normalized temperature by the Tm is adopted, liquid Li at
843 K �1.86 Tm� is closer to the Tm, compared with liquid Na
at 900 K �2.43 Tm�. In addition, even at 843 K �1.86 Tm� the
VAF keeps clear cage effect �negative region�89 compared
with the case of liquid Na at high temperatures.75 Moreover,
liquid Li at 843 K is far viscous than liquid Na at 900 K
judging from their viscosity values;90 the shear viscosity and
the kinematic viscosity of liquid Li at 843 K are 29.918 Pa s
and 6.25�10−7 m2 s−1, respectively and those of liquid Na at
900 K are 20.057 Pa s and 2.50�10−7 m2 s−1, respectively.
Thus, in spite of its validity for liquid Li at 843 K, the MC
theory seems to be surely invalid for liquid Na at 900 K and
accordingly other methods must be considered for the expla-
nation of the dispersion relation in liquids. Therefore, we
simply present very primitive discussions about the problem
“no positive dispersion” for liquid Ge.

As for liquid Ge, we can list particular features, loosely
packed structure, rather soft �“ledge-type” or “nonharsh”� in-
terionic pair potential, and low kinematic viscosity,
��m2 s−1�. The � is defined as 
 /� in which 
�Kg m−1s−1� is
the shear viscosity and ��Kg m−3� is the density; in the pa-
renthesis the dimension is written. The first point, the loosely
packed structure or the small packing fraction, seems to
make the application of the MC theory difficult, because of
the suppression for the slow decay relaxation mechanism in
the MC theory.75 In addition, this makes the proposed factor
F, described below, small. However, apart from such intui-
tive views, at least for liquid metals, the decrease of the
packing fraction with the increase of the temperature en-
larges the softness of the interionic pair potential, as shown

0 10 20
0

10

20

30

Q/nm−1

ω p
(Q
)/m
eV

sound velocity

N=128(Long Cell)

inelastic X−ray scattering 34

N=64

FIG. 10. Dispersion relation, �P−Q, of liquid Ge ��P: the peak
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of 64 atoms �cubic cell: system 1� and those of 128 atoms �long cell
�rectangular parallelepiped cell�: system 2�, respectively. The cross
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locity”� is the dispersion relation drawn by the experimental sound
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by Hoshino et al.75 for liquid Na because of its density de-
pendence. Therefore, the problem of low packing for liquid
metals seems to reduce to that of interionic pair potential, the
second point. The second point, the soft or moderately repul-
sive interionic pair potential at the nearest neighbor distance
�“ledge-type” or “nonharsh” feature� for liquid Ge �Refs. 7,
8, 14, 17, 50, and 75� also makes the “positive dispersion”
weaker, as discussed by Balucani and Zoppi.33 Quite recently
we found the third point, the low kinematic viscosity of liq-
uid Ge. Accurate experimental values of the shear viscosity
are available for liquid Si,29,30 Ge,29 Sn,84 and Pb.84 The den-
sity data are also available for these liquid metals.29,91,92 By
using these data the � can be calculated for the group 14
elements in the liquid state. As shown in Fig. 11, the � of
liquid Ge �1.3�10−7 m2 s−1� with “no positive dispersion”34

is very low �only half� compared with that of liquid Si and
Sn with “positive dispersion,”36,93 It is also lower than that of
liquid Pb, for which, up to date, no dispersion relation has
been reported. It should be noted that liquid Na at 1173 K,
which shows a “positive dispersion”37,76 in spite of high tem-
perature, still keeps a high value of the �, 2.12
�10−7 m2 s−1.90 Liquid Ge near the Tm is less viscous than
liquid Na at 1173 K.

We propose the parameter, F, defined by �� /a�y �a: first
peak distance of the g�r�; y: packing fraction�. This param-
eter was defined so that the dimension of F may be same as
that of the velocity of sound. The values of a and y were
taken from Waseda1 and Itami et al.,23 respectively. In addi-
tion, we can calculate the positive dispersion �%�, PDP, for
these liquid metals from the Table I in the elaborate review
by Scopigno et al.37 The data set, �F , PDP�, for liquid Si,
Ge, and Sn are respectively �0.27, 16�, �0.16, 0�, and �0.36,
12�. We note that the “no positive dispersion” appears only in
the case of small F, which is derived from the small packing
fraction and the low kinematic viscosity. Judging from the
similar values of the packing fraction, y, between liquid Ge
and liquid Si, the kinematic viscosity may be most respon-
sible for the “no positive dispersion” of liquid Ge. By now,
the role of the kinematic viscosity has been discussed implic-
itly in the theories of the transverse wave in liquids.31–33 It is

a future theoretical problem to clarify the effect of the kine-
matic viscosity on the propagating longitudinal vibrational
mode in liquids. Anyway the “no positive dispersion” for
liquid Ge may be related to the particular features of liquid
Ge, loosely packed structure, soft �“ledge-type” or “non-
harsh”� interionic pair potential, and low kinematic viscosity.
The collective atomic dynamics and the “no positive disper-
sion” for liquid Ge should be studied further more experi-
mentally and theoretically.

D. Atomic dynamics-trace and environment analysis
of the single atomic motion

From the analysis of the experimental S�Q ,�� for liquid
Si, Hosokawa et al.36 showed the existence of the fast �sub-
picosecond� mode, which corresponds to a short time corre-
lation between neighboring atoms derived from the covalent
bonds in liquid Si shown by the FPMD simulation by Štich
et al.94 The importance of fast and slow modes has been
recently stressed for liquid Li.37,63 It is also important to
investigate whether such dynamical modes are present in liq-
uid Ge or not. Thus, there exists a complicated problem for
the understanding of the atomic dynamics in liquid Ge. To
establish the microscopic theory of atomic dynamics in liq-
uid Ge, the detailed analysis must be performed for the char-
acteristic feature of atomic motion in liquid Ge.

The detailed investigation was performed in the present
FPMD simulation to clarify the trace and environment of the
single atomic motion in liquid Ge. As shown in Fig. 12, the
analyzed quantities were the time variation of the tag number
of surrounding atoms around atom 1 within the sphere with a
cutoff radius of 0.27 nm, which corresponds to the first peak
distance of the g�r� �a�, the scalar product, v1�t� ·v1c�t�, be-
tween the velocity vector of atom 1 and the average velocity
vector of coordinated atoms around atom 1 �b�, the x, y, and
z components �F1

x, F1
y, and F1

z� of the force acting on atom 1,
F1 �c�, the coordination number, N1, calculated as the num-
ber of atoms around atom 1 within the sphere with a cutoff
radius of 0.27 nm �d�, the MSD and the square displacement
of atom 1 �e�. Figure 12�c� indicates that atom 1 moves un-
der the fluctuating random force, as expected from the
Langevin equation. As can be seen in Fig. 12, there exist five
characteristic periods, 0.1–0.4 ps �period I�, 0.4–0.6 ps �pe-
riod II�, 0.7–1.2 ps �period III�, 1.2–1.7 ps �period IV�, and
1.7–2.0 ps �period V�.

In period I, because of the small N1 �0–2�, atom 1 moves
largely in the inverse direction to the coordinated atoms ��b�
v1�t� ·v1c�t��0, �d�, and �e��. In this period, there even exists
a time at which no coordinated atoms are present around
atom 1�a�. In the period II, atom 1 advances rather moder-
ately with the increase of the N1 �1–3� ��d� and �e��. In the
period III, with the further increase of the N1 �1–4�, atom 1
moves rather backwardly together with coordinated atoms
��b� v1�t� ·v1c�t��0, �d�, and �e��. There exists a considerably
long time at which atom 1 is surrounded by same 3 or 4
coordinated atoms �a�. In addition, the v1�t� ·v1c�t� keeps a
distinct positive value. These imply the existence of the
movement as an atomic group joined by the covalent bond.
In fact, the snap shot of the electron density profile in the
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present FPMD simulation shows the increase of the electron
density between Ge atoms compared with the case of the
superposition of free atoms, as found for liquid Ge by Takeu-
chi and Garzón58 and for liquid Si by Štich et al.93 A mod-
erate advance of atom 1 with slightly positive v1�t� ·v1c�t� in
the period II may be derived also from a atomic group mo-
tion containing 2–4 atoms. In the period IV, atom 1 does not
move significantly because of the large N1 �1–5� ��d� and
�e��. Also in this period, the same 3 or 4 coordinated atoms
sometimes stay around atom 1 during considerably a long
time �a�. Moreover, the v1�t� ·v1c�t� is fluctuating around zero
�b�. These imply the trapping of atom 1 in a cage of neigh-
boring atoms. The cage effect seems to be present micro-
scopically, though it is almost absent from the VAF. Clearer
microscopic cage effect, seen in this period IV in the present
FPMD study, was observed for the system 1 in the previous
FPMD simulation.60 In the period V, the forward movement
of atom 1 occurs moderately under the restriction of slightly

large N1 �1–3� ��d� and �e��. The decoupling into the periods
I–V in the present study contains somewhat an ambiguity.
Moreover, the features described above are slightly depen-
dent on the window we observe. Nevertheless, we can sum-
marize the analysis for the trace and environment of single
atomic motion, as follows: The single atomic motion pro-
ceeds in the case of the small N1 �0–2� and is restrained in
the case of the large N1 �3–4�; the latter is derived from the
microscopic cage effect and the suppression of the atomic
migration by the formation of the atomic group of 3–5 at-
oms, which implies the existence of covalent bond even in
the liquid state of Ge.

IV. SUMMARY

The static and dynamic properties of liquid Ge were in-
vestigated in detail by the FPMD simulation with a long
simulation time and a large cell. The present FPMD simula-
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FIG. 12. Trace and environment analysis of
the single atomic motion in liquid Ge by the
FPMD simulation of 128 atoms �long cell �rect-
angular parallelepiped cell�: system 2�; �a� the
time variation of the number �tag number� of at-
oms which are present within the sphere with a
cutoff radius of 0.27 nm �the first peak distance
of the radial distribution, g�r�� around atom 1; �b�
that of the v1�t� ·v1c�t�, the scalar product be-
tween the velocity vector of atom 1 and the aver-
age velocity vector of coordinated atoms around
atom 1; �c� that of the x, y, and z components �F1

x,
F1

y, and F1
z� of the force acting on atom 1, F1; �d�

that of the coordination number �N1� calculated
as the number of surrounding atoms around atom
1 within the sphere with a cutoff radius of
0.27 nm; �e� the comparison between the time
variation of the mean square displacement �MSD�
and the square displacement of atom 1.
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tion well reproduces the experimental static structure factors.
In addition, it reproduces well the characteristic features of
the dynamic structure factors, the existence of the side peaks
and the “de Gennes narrowing.” It was shown that the self-
diffusion coefficient for the system 2 �rectangular parallel-
epiped cell� of 128 atoms is about 20% larger than that for
the system 1 �cubic cell� of 64 atoms. The “no positive dis-
persion” for liquid Ge, which was found by Hosokawa et
al.,34 was also well reproduced. The reason for this “no posi-
tive dispersion” was discussed with particular attention to the
low kinematic viscosity of liquid Ge. The detailed trace and
environment analysis of the atomic motion seems to indicate
the suppression of single atomic motion by the microscopic

cage effect and the formation of the atomic group joined by
the covalent bond.
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