PHYSICAL REVIEW B 77, 014207 (2008)

Covalentlike electronic effects in metallic liquids using an orbital-free ab initio method
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The origin of the unusual shoulder on the large-g side of the main peak of the structure factors of liquid Ga
and liquid Si is studied using an orbital-free ab initio molecular dynamics approach. The shoulders are found
to be related to pairs of atoms that come close, supporting the earlier observation for liquid Ga based on a high
temperature simulation. Results for Ga at lower temperature, and for Si at several applied pressures also show
the relationship of the shoulder to pairs of atoms. The electron density near typical pairs shows an accumula-
tion of charge between the atoms which in earlier work was taken to be an indication of a covalent bond. The
calculated orbital-free electronic densities show a somewhat larger charge accumulation between the atoms
than the previous Kohn-Sham calculations. This result was not anticipated because the orbital-free approach
had not previously been expected to describe valence bonding. However, electron density distributions for Si
for atomic configurations at several pressures calculated with the orbital-free approach compare very favorably
with the results of Kohn-Sham calculations for the same configurations. On the other hand, analysis of the
temperature dependence of the population of pairs and of their time evolution does not support the proposal
that the pairs are covalently bonded. Other factors that may also contribute to the appearance of the shoulder

are discussed.
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I. INTRODUCTION

Molecular dynamics (MD) methods are a useful technique
for studying the properties of liquids systems, and the past
two decades have seen a large increase in the application of
ab initio molecular dynamics (AIMD) methods based on
density functional theory' (DFT). DFT allows calculation of
the ground state electronic energy of a collection of atoms
for given nuclear positions and the forces on the nuclei via
the Hellmann-Feynman theorem. It enables performance of
MD simulations in which the nuclear positions evolve ac-
cording to classical mechanics, whereas the electrons follows
adiabatically. Most AIMD methods are based on the
Kohn-Sham? (KS) approach to DFT (KS-AIMD methods)
which, at present, poses heavy computational demands that
severely restrict the system size and the simulation times.
These restrictions are reduced in the so-called orbital-free
(OF) ab initio molecular dynamics (OF-AIMD) method,
which, by disposing of the electronic orbitals of the KS for-
mulation, provides a simulation method where the number of
variables describing the electronic state is greatly reduced,
enabling the study of larger samples (thousands of particles)
for longer simulation times (tens of picosecond). However,
this is at the cost of an electronic kinetic energy functional
which is no longer exact and the necessity of using local
pseudopotentials to describe the electron-ion interactions.

For two reasons, applications of OF methods have so far
been restricted largely to simple metals and alloys.>~!° First
of all, the approximate kinetic energy functional is often con-
structed to be exact in the linear response limit in which the
electron density is almost uniform because of a small
electron-ion potential, circumstances prevailing in simple
metal systems. Secondly, a good description of covalently
bonded systems with directional bonding is believed to re-
quire nonlocality in the pseudopotentials which cannot be
accommodated in the OF scheme. Indeed, recent attempts to
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apply OF methods to study the properties of crystalline Si
have failed!! for the semiconducting phases, although good
results for the metallic solid phases were obtained. However,
this failure may have been due to the particular kinetic en-
ergy functional and local pseudopotentials used in the study.
Nevertheless, the electron density obtained from the OF
method for fixed ion arrangements, e.g., the diamond struc-
ture, agreed quite well with that from full KS method calcu-
lations.

More recently,'> OF-AIMD studies of liquid Si using
2000 particles have yielded static structural properties in
good agreement with both experiment'3'* and KS-AIMD
data,’ and simulation times were long enough to allow the
study of the dynamic structure. Liquid Si has metallic prop-
erties, but it is not a typical liquid metal. Its density increases
upon melting; the structure is rather open with about 6 near-
est neighbors (NNs) which is, of course, larger than the 4
NNs in the diamond structure but much smaller than the 12
NNs characteristic of most simple metals. In addition, the
structure factor S(g) has a shoulder at the high-¢ side of the
main peak which is absent in the S(g) of simple metals.
Finally, the distribution of angles between “bonds” in triplets
of atoms separated by less than a characteristic bonding dis-
tance has one peak at 65° and another close to the 109°
tetrahedral angle, which, again, contrasts with simple metals
for which peaks appear near 65° and 116°, characteristic of
an icosahedral packing. Full Kohn-Sham MD studies of lig-
uid Si, mostly using 64 atoms, related these peculiarities to
remnants of covalent bonding in liquid Si, and the analysis of
the electron pseudodensity did indeed show a pileup of
charge along the lines joining atoms separated by less than
2.49 A, which cannot be explained by a mere superposition
of atomic pseudodensities. This maximum separation at
which “covalent-bonding-like” effects appear in the liquid is
somewhat larger than the bond length in Si crystal (2.35 A).
That all these properties of liquid Si could also be seen in the
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OF-AIMD results!? seems to indicate that these covalency
remnants, if this is what they are, are also present in the OF
treatment. Furthermore, on application of pressure, liquid Si
has been found'® to undergo some form of structural change
between 8 and 14 GPa, characterized by an increase in the
nearest neighbor distance and an abrupt increase of the co-
ordination number. These features, as well as an evolution of
the bond-angle distribution function into a more simple-
liquid-like behavior, were also well described by OF-AIMD
simulations.!” The electron density was not investigated in
these earlier OF-AIMD studies of liquid Si,'>!” but, here, an
analysis of the electron density obtained from the OF study
for a range of pressures will be described.

Liquid Ga shows similar peculiarities to Si. Its density
increases upon melting, and the S(g) shows a shoulder at the
high-g side of the main peak.'*!® In addition, although an
increase in temperature causes a decrease in density, both the
nearest neighbor distance and the distance of closest ap-
proach diminish. This is different from the behavior of
simple metals and appears to indicate that the interatomic
repulsion at short distances is very soft so that a higher ki-
netic energy enables a closer approach of two ions. Solid Ga
at ambient pressure (a-Ga) is metallic, but its structure is
unique, showing a mixture of covalent and metallic
bondings.!*?* The structure can be described as metallically
bonded buckled planes in which each atom is covalently
bonded with one in an adjacent plane. Each atom has a total
of seven near neighbors, the nearest one is covalently bonded
at 2.48 A, two second neighbors at 2.69 A, two third neigh-
bors at 2.73 A, and two fourth neighbors at 2.79 A. Never-
theless, a purely metallic treatment using a pseudopotential
and second order perturbation theory does yield a-Ga as the
most stable structure.?! Higher pressure phases are purely
metallic, although not necessarily simple, and metastability
of phases further disturbs an already complicated panorama.
For instance, a tetragonally distorted face centered phase
with four atoms per unit cell and initially called Ga-II (Ref.
22) was thought to be the stable phase resulting from the
application of pressure to a-Ga, but this phase was later
found?? to be stable only at somewhat higher temperatures
and pressures and is now termed Ga-III. The new stable
Ga-II phase, obtained upon pressurization of a-Ga, was re-
ported to be body centered cubic with 12 atoms per unit cell.
However, it has recently been shown that Ga-II has instead a
large unit cell containing 104 atoms, and a new Ga-V phase
with 6 atoms per rhombohedral unit cell was discovered be-
tween Ga-II and Ga-II1.2*

Based on KS-AIMD simulations of liquid Ga at 1000 K
using 64 particles, Gong et al. related the peculiarities of
liquid Ga to the persistence of some covalently bonded Ga,
dimers in the liquid.>> The analysis of the electron density
revealed a charge accumulation along lines joining two Ga
atoms whenever these are close. Bonds as pronounced as
those occurring in a-Ga take place for separations ~2.25 A,
somewhat smaller than the bond length in the solid, and
weaker bonds survive up to separations around 2.5 A, some-
what larger than the solid case bond lengths. The picture is
similar to that of liquid Si. Further analysis revealed that the
number of atoms involved in these “dimers” is rather small,
~5% —10%, and that these are very short lived, =0.05 ps, a
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lifetime about one-third the period of the stretching vibration
of the dimers in a-Ga. Gong et al. were also able to relate
the characteristic shoulder in the structure factor of liquid Ga
at 1000 K to the existence of these dimers. The heavy com-
putational demands of the Kohn-Sham approach necessitated
rapid thermalization and, consequently, a high simulation
temperature. However, it was argued that at lower tempera-
tures, the concentration of the Ga, dimers would increase
leading to a sharper shoulder in S(g), and it would also seem
reasonable that the dimers would live longer. KS-AIMD cal-
culations have also been reported by Holender et al., also
with 64 Ga atoms and a high temperature, which, with the
exception of a more free-electron-like density of states, con-
firmed the earlier results and gave some dynamic
properties.”®

In the following sections, results of OF-AIMD simula-
tions of liquid Ga at 959 K using 2000 particles are pre-
sented. Analysis of the type performed by Gong ef al. shows
that the OF method reproduces all the properties previously
obtained by KS-AIMD simulations. Moreover, since the
computational demands are much reduced, calculations at
lower temperatures have been performed and the results ana-
lyzed to check the previous predictions. A similar analysis of
the results of the earlier OF-AIMD simulations of liquid Si
under pressure and near melting is also presented. An inves-
tigation of the electron density in the region of examples of
dimers in both liquid Ga and Si is described. The presence of
bondinglike charge seen in the OF results is compared with
results of full Kohn-Sham calculations for the same configu-
rations.

II. THEORY

Full details of the OF-AIMD method are given
elsewhere;’ it suffices here to describe the main points. The
approximate electron Kinetic energy density functional T[]
is the sum of the von-Weizsicker functional and a Thomas-
Fermi-like term involving an averaged density. Parameters
are chosen so that 7 [n] is correct in the limiting cases of a
slowly or rapidly varying density and weak scattering. The
resulting functional is positive definite so that non-negative
energies are always obtained. The local pseudopotential is
constructed from first principles to give an electron density
which coincides with the all-electron density in the intersti-
tial regions of a metallic environment.

For a given ionic configuration corresponding to one of
the MD simulation steps, the electron density from the OF
simulation near a selected triplet of atoms is compared with
the density obtained from a Kohn-Sham calculation. To ob-
tain this, a cube containing 64 atoms was cut around the
triplet from the particular configuration of the simulation and
repeated periodically. The atoms near the faces of the cube
that led to unphysically short distances between the periodi-
cal images of the particles were removed and the electron
density was computed using the SIESTA code.?’ The
Perdew-Burke-Ernzerhof?® generalized gradient approxima-
tion was used to treat exchange and correlation, and a
Troullier-Martins pseudopotential®®> was used for the
electron-ion interaction with Kleinman-Bylander projectors®
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and nonlinear core corrections for both Ga and Si. A double-
zeta basis set and 75 k points were used for each system.
Atom removal near the cube faces leads inevitably to a
somewhat decreased overall liquid density and also to some
distortion of the ionic configuration in that region. This, of
course, influences the electron density near the faces of the
cube. However, the electron density around the center of the
cube, where the selected triplet is located, is expected to
suffer very small changes due to the removal of atoms near
the boundaries since it is much more sensitive to the ionic
configuration in the center of the cube.

Several structural properties are obtained from the results
of the liquid simulations, including the pair correlation func-
tion g(r) and the structure factor S(g), which are well known;
the definitions of others are described here. The radial distri-
bution function (RDF), G(r)=4mr’g(r) gives the distribution
of particles about a given one taken as the origin. McGreevy
et al’' introduced the partial RDF G,(r), which gives the
probability of finding the ith neighbor of a particle at a dis-
tance r, so that G(r)=2,G,(r). These functions were intro-
duced with the objective of finding a clearer-cut criterion for
a “nearest neighbor” of an atom. Several criteria are rou-
tinely used,’? e.g., a particle that is nearer than the first mini-
mum of g(r), r,, or one nearer than the first minimum of
G(r), ry, but in some cases, especially when the liquid is
peculiar, r,, and r,;, differ substantially, leading to ambigu-
ities in the calculated number of nearest neighbors or coor-
dination number. A quantity of interest here is P,(r)
=[0G,(s)ds, which gives the probability of finding an ith
neighbor of a particle at a distance <r. The limits P;(0)=0
and P,(*)=1 are attained at finite distances ™" and r"*,
which define the spherical shell where the ith neighbors lay.
In particular, " is the distance of closest approach between
two atoms.

Higher order correlation functions give additional infor-
mation about the local arrangement of atoms. A widely used
one is the bond-angle distribution function P(#6), which gives
the probability density of the angle between the lines con-
necting an atom and two others. Usually, P is computed for
triplets of particles where the two outer atoms are closer than
r,, or ry, from the central one. However, other more conve-
nient cutoffs can be introduced, e.g., a covalent radius in the
case of liquid Si."> If the cutoff is such that an atom has more
than 2, say n, neighbors that qualify, all the n(n—1)/2 bond
angles are included in the distribution. Also useful is a “most
local” bond-angle distribution P,(6), where 6 is the angle
between the lines joining one atom and its first and second
closest neighbors, so only one angle per triplet is included in
the distribution.

In reciprocal space, the liquid structure is characterized by
the structure factor S(g)=1/N{F(g)F(-q)), where there are N
particles in the system and the average is taken over direc-
tions of ¢ and over configurations, and F (5):2221 exp

X[-iGR,]. Following Gong et al we introduce the
“bonded-atoms” structure factor S(g,r;) for those atoms with
at least one neighbor within a distance r;,. It is given by
S(q.ry)=(Fy(@)Fy(=4)/N,), where F,(q)=2¢", exp[-igR"]
and N, is the number of bonded atoms. Note that S(g,r}) is
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only meaningful for r,=r""

=,

and reduces to S(g) for r,

III. RESULTS

OF-AIMD simulations were performed for liquid Ga near
melting and at a high temperature, and for liquid Si near
melting at ambient pressure and in four pressurized states. In
all cases, N ions are enclosed in a periodically repeated cubic
cell of the size required to obtain the experimental ionic
number densities. Given ionic positions at time ¢, the elec-
tronic energy functional is minimized with respect to the
electron density p(7)=y(7)> written in terms of the single
effective orbital, s(r), which is expanded in plane waves up
to an energy cutoff, E.,,. The energy minimization with re-
spect to the Fourier coefficients of the expansion is per-
formed every ionic time step by using a quenching method
which results in the ground state electronic density and en-
ergy and the forces on the ions via the Hellman-Feynman
theorem. The ion positions and velocities are updated by
solving Newton’s equations using the Verlet leapfrog algo-
rithm with a time step Az. After an equilibration period, f,
the liquid properties are computed during a production run
lasting tg,,. Table I displays the parameters for the seven
simulations performed.

A. Liquid Ga

The structure factor S(g) obtained from the simulations is
plotted in Fig. 1 together with the x-ray diffraction data of
Waseda'# and the neutron scattering data of Bellissent-Funel
et al.'® The calculated S(g) at T=373 K exhibits a main peak
at g,~2.51 A~!, the characteristic shoulder at =~3.10 A,
and the second peak at =4.87 A~'. The T=363 K neutron
scattering results of Bellissent-Funel et al.'® show a main
peak at =~2.53 A~! with the shoulder at ~3.0 A~! and the
second peak at =~4.87 A~'. The calculated results for T
=373 K overestimate the amplitude of the main peak, but the
amplitude and phase of the subsequent oscillations are repro-
duced well. Better agreement between theory and experiment
is obtained for the S(g) at the higher temperature. The OF-
AIMD results are similar to the KS-AIMD results for S(g)
obtained by Gong et al.*> at T=1000 K and by Holender et
al.?® at T=982 K; however, the latter is noisy in the region of
the first peak possibly due to the small simulated sample.
Note that at the higher temperature, the peak of S(g) be-
comes broader, covering somewhat the shoulder.

The bonded-atoms structure factor S(g,r;,) for those at-
oms with one or more neighbors within a distance 7, is
shown in Fig. 2 for several values of r,, from ™" to r"**. For
T=959 K, the main peak of S(g,r,) for r,=<2.38 A is at the
position of the shoulder of the full S(g), but around r,
=2.38 A, a second peak emerges at a smaller ¢ value, which
grows as r,, increases to become the main peak of S(g). This
is the same behavior found in the KS-AIMD simulations of
Ga at 1000 K by Gong et al.? It suggests that the shoulder in
S(q) is directly related to the existence of atoms separated by
distances less than ~2.38 A. Moreover, Gong et al. noted
that for these separations, the electron density along the line
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TABLE 1. Simulation parameters and thermodynamic states studied. The temperature is given in K, the
density in atoms/A>, the energy in Ry, the time step in units of 1073 ps, and the equilibration and simulation

times in ps.

System T pi N E .. At feq tsim
Ga 373 0.05122 2000 15.50 5.0 15 80
Ga 959 0.0490? 2000 15.50 5.0 15 80
Sib 1750 0.0555¢ 2000 12.75 3.5 10 50
Sid 1503 0.0580° 2000 15.75 3.5 10 65
Sid 1253 0.0600f 2000 15.75 3.5 10 65
sid 1093 0.06708 2000 15.75 3.5 10 65
Sid 1270 0.0710" 2000 15.75 3.5 10 65

#Reference 33.
PReference 12.
‘Reference 14.
dReference 17.
“Reference 16. Pressure

: 4 GPa.

fReference 16. Pressure: 8 GPa.

gReference 16. Pressure
hReference 16. Pressure

: 14 GPa.
: 23 GPa.

joining the atoms displays a charge accumulation akin to the
bonding charge of the Ga, dimers found in solid @-Ga. They
went on to suggest that the shoulder in S(g) is related to the
survival of these “molecules” after melting, which, although
short lived, appear in appreciable concentration.”® The varia-
tion of S(g,r,) with r, is the same at the lower temperature,
T=373 K. The shoulder of S(g) is at the position of the main
peak of S(g,r;,) for small r,, but a second peak at lower ¢
emerges around r,=2.38 A and develops into the main peak
of S(q).

The pair distribution functions g(r) for the two tempera-
tures are shown in Fig. 3 along with the experimental data of
Bellissent-Funel et al. for 326 and 959 K.!® The position of
the main peak is usually identified with the average nearest
neighbor distance, which, in the present OF-AIMD calcula-
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FIG. 1. Static structure factors of liquid Ga. Continuous line:
OF-AIMD simulations at 7=373 and 959 K. Full circles: experi-
mental neutron scattering data (Ref. 18) at 7=363 and 959 K. Open
circles: experimental x-ray diffraction data (Ref. 14) at T=323 K.

tion, is =~=2.81 A for T=373 K and reduces to =2.73 A for
T=959 K. This reduction is in good agreement with the ex-
perimental results, 2.77 and 2.71 A, respectively, and reflects
the softness of the interionic repulsion for short distances. An
estimate of the number of nearest neighbors, also known as
the coordination number N, is obtained by integrating the
RDF up to the position of the first minimum of the RDF at
ry-3132 These positions are =~3.81 and 3.45 A for T=373
and 959 K leading to N-=~11.8 and 8.5 atoms, respectively.
A similar calculation using the experimental g(r) of
Bellissent-Funel et al.'® gives N-=~10.5 and 8.7 atoms for
T=326 and 959 K, respectively. The earlier KS-AIMD re-
sults at 7=1000 and 982 K gave N =89 and 9.1,
respectively.?>26

¢ -1 ¢ -1
q(A) qA)

FIG. 2. Bonded-atoms structure factors of liquid Ga for different
cutoff radii r;. At 373 K, no data for r,=2.28 A are shown since
that value is too close to r|"" at that temperature to give meaningful

results.
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FIG. 3. Partial radial distribution functions G,(r), i=1,...,15,

of liquid Ga at T=373 and 959 K. The g(r) are also shown (dis-
placed 2.5 units upward) along with the experimental neutron scat-
tering data (Ref. 18) at =326 and 959 K (circles). The inset shows
G, (r) for 373 K (solid line) and 959 K (dashed line).

The G(r) at the two temperatures considered are shown
in Fig. 3, along with the pair correlation function g(r), which
follows the heights of the G,(r). The inset highlights the
variation with temperature of G,(r) for the first neighbor.
There is a noticeable displacement of G,(r) to smaller dis-
tances at the higher temperature, with rrl“i" moving from 2.25
at 373 K to 2.13 A at 959 K, while ri™**=2.90 for both tem-
peratures.

Given G,(r), it is easy to compute the average concentra-
tion x(R) of atoms whose first neighbor is closer than a dis-
tance R from x(R):Pl(R)=ng1(r)dr or its inverse R(x). In
the KS-AIMD simulations of liquid Ga at 1000 K of Gong et
al.,” it was found that for typical covalent bonding dis-
tances, say, R=2.35 A, the x(R)=5% —10%. For our simu-
lations at 959 K, x(2.28)=0.04 and x(2.38)=0.18, in good
agreement with the KS study. These covalently bonded at-
oms were interpreted as short-lived molecules whose effects
were found to be important in explaining the origin of the
shoulder in the structure factor. It was also predicted that the
concentration of molecules should increase at lower tempera-
tures leading to a sharper shoulder. However, inspection of
G(r) in the inset of Fig. 3 shows that at T=373 K, the
distance of closest approach is larger, so x(R) will be smaller
than at the higher temperature; in fact, at 7=373 K,
x(2.28)=0 and x(2.38)=0.03. Contrary to the prediction of
Gong et al.,® the OF simulations have fewer of these close
neighbors at the lower temperature, which puts a first ques-
tion mark against their interpretation that these atoms form
molecules, even though the shoulder in the structure factor is
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FIG. 4. Bond-angle distribution function P(cos(6)) for liquid Ga
at T=373 K (continuous line) and 7=959 K (dashed line). The cut-
off distance is the first minimum of their respective radial distribu-
tion functions.

indeed sharper at the lower 7. Of course, it may be that the
relevant parameter in defining these molecules is not the
separation of the atoms but the accumulation of electronic
density between them, a point to which we will come to later.

The OF-AIMD results for P(cos(6)) with neighbors taken
up to ry, are plotted in Fig. 4. The distributions at the two
temperatures considered are similar. For 7=373 K, there are
two maxima at #=53° and 110° and a minimum around 6
~78°, while for the higher temperature 7=959 K, there is
only one clear maximum at 6= 56.5° and a very flat distri-
bution at larger angles. The most local bond-angle distribu-
tion function P;,(cos(6)) is also shown in Fig. 5; the peaks at
angles near 60° are depleted with, again, rather flat distribu-
tions for larger angles. The calculation of Py, can be re-
stricted to those triplets in which the distance to the first
neighbor, 7|, is smaller than a given cutoff. The symbols in
Fig. 5 show these functions for triplets with r;<2.38 A.
Also shown as vertical lines is the bond-angle distribution
for solid a-Ga, considering all the seven nearest neighbors,
while the arrows denote the angles between the first and
second neighbors of an atom in the solid (=106° and 140°).

Even though the full bond-angle distribution of a-Ga
spans a large number of angles, the distribution of angles in
liquid Ga seems to have little relation to that of the solid,
especially for the most local distribution for which no fea-
tures are present at the angles for the solid. Nevertheless,
there are indeed triplets of particles at these angles, and in

L L R —

0.8 feoccng,, e —

f 0.6 —
8 i
mi' 0.4 j i
h \m\ \ ]
0—1 ‘ —0‘.5 | (‘) 0.5 : 1

cos 0

FIG. 5. Most local bond-angle distribution functions P;,(cos(6))
for liquid Ga at 373 K (continuous line) and 959 K (dashed line).
Symbols denote the same function when triplets are restricted to
have a first neighbor distance smaller than 2.38 A. Full circles cor-
respond to 373 K and open circles to 959 K. Vertical lines denote
the angles between an atom and any two of its seven nearest neigh-
bors in @-Ga, while the arrows indicate the most local ones.
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FIG. 6. Electron density for a selected triplet of Ga atoms at
373 K. Left panel: OF density. Right panel: KS density. The con-
tour lines are plotted for values of the density equal to
0.010 electrons/a.u.? (the minimum inside the peanut-shaped line in
the right part of the KS data) and increments of
0.005 electrons/a.u..> Contour lines within the core radius
(=0.75 A)of each atom have been deleted as the pseudodensity
within the core has no physical meaning.

the following, we discuss the electron density in a plane
through one such triplet and compare it with that of the solid.
The distances between the central and outer atoms are 2.35
and 2.55 A and the bond angle is 103°. The distances for the
corresponding triplet in a-Ga are 2.48 and 2.69 A and the
angle is 106°, so the distances in the liquid are about 5%
smaller than in the solid. The electron density has been com-
pared with that obtained from a full Kohn-Sham calculation
using the procedure described in Sec. II. The density con-
tours corresponding to the OF and KS calculations are shown
in Fig. 6.

The similarity is striking between the densities in the lig-
uid and in solid a-Ga in the regions between the atoms (see,
for instance, Fig. 7 in Ref. 20). We also see similar electronic
densities when comparing the OF density for the ionic con-
figuration concerned, obtained from our OF simulations, and
the KS density obtained for a typical ionic configuration of
the KS simulations of Gong et al. for the liquid [see Fig. 3(a)
in Ref. 25. However, more relevant to this paper is the over-
all agreement between the densities obtained by the OF
method and the KS calculation for the same ionic configura-
tion. Of course, there are differences, for instance, in the
lower-right corner or to the right where the KS density shows
a somewhat smaller minimum than the OF one, but, in gen-
eral, the comparison between the densities is very favorable.
It is also noted that the OF method tends to overestimate the
electron density between the atoms, suggesting even stronger
bonds than those obtained with the full KS method.

A good approximation to the electron density for a simple
metal is the superposition of pseudoatom densities obtained
from linear response screening of the pseudopotential. This
superposed density also increases between the atoms as they
come close enough. An analysis of the OF density between
pairs of atoms including first, second, and third neighbors
shows that the charge accumulation depends strongly on the
distance between the atoms; the shorter the distance, the
stronger the effect. Furthermore, the accumulation clearly
exceeds that of the superposed densities for small separations
and approaches the superposed density as the atoms separate,
as shown in Fig. 7 for both temperatures. This correlation
between distance and bonding charge justifies using the dis-
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FIG. 7. Difference between the OF density and the superposition
obtained from the linearly screened pseudopotential at its maximum
value between two atoms separated by a distance r. The atoms
considered in the plot are those with a neighbor within 2.38 A and
their first, second, and third neighbors.

tance between two atoms in order to identify them as
bonded.

Because of the large number of atoms in our simulations
(2000), triplets, such as those shown in Fig. 6, that resemble
the local arrangement of an atom in the solid can be found,
but these are rare. Usually, the second neighbors are rather
far from the central atom, leading only to minor increments
in the density over the metallic superposition, e.g., even in
the triplet shown, the second distance is 2.55 A, rather larger
than the cutoff distance of 2.35 A. An analysis of several
configurations shows that in the case of liquid Ga at both of
the temperatures considered, it is almost entirely pairs of
atoms that display covalentlike bond density.

The temporal behavior of these pairs of atoms is also of
interest because they would be expected to be long lived if
bound together and execute oscillations while close. The dis-
tribution of lifetimes of pairs, p(z), during which the distance
between the two atoms involved is less than 2.38 10\, is
shown in Fig. 8. The most probable and the average lifetimes
are very similar at both temperatures and are very short. At
959 K, the lifetime is =0.045 ps, very similar to the Kohn-
Sham results of Gong et al.,® but at the lower temperature,
the lifetime is an even shorter 0.035 ps. This shorter lifetime
of the pairs at the lower temperature places a second question
mark against the interpretation of them as molecules. Fur-
thermore, analysis of the distance between the atoms as a
function of time while they are closer than 2.38 A shows that
for an overwhelmingly large fraction of pairs at both tem-

—— 959K ,2.38A [
—— 373K,238AH
----- 959K ,2.60 A |
s—- 373K, 2.60A ||

p(t) (ps’)

FIG. 8. Distribution function of lifetimes of pairs of atoms
within a distance of 2.38 or 2.60 A at both temperatures studied.
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FIG. 9. Partial RDF for the first neighbor in liquid Si for several
pressures.

peratures, the atoms approach, slow, stop, reverse, and de-
part, with no sign of vibration. As the temperature is low-
ered, not only are these pairs less abundant but they are also
shorter lived and do not undergo vibration, features that are
counterintuitive to the behavior of molecules as a function of
temperature. Of course, there is uncertainty as to the defini-
tion of a pair with covalentlike character. Figure 7 shows that
pairs separated by less than =~2.6 A already exhibit some
charge accumulation and, therefore, some degree of co-
valentlike character could be assigned to them. Distributions
of lifetimes for these pairs are also shown in Fig. 8. As ex-
pected, these pairs live longer, =0.09 ps, and slightly longer
at the lower temperature than the higher. Even so, even the
lifetime of these marginal pairs is still very short.

B. Liquid Si

A study of the static and dynamic structure of liquid Si at
the thermodynamic states shown in Table I based on OF-
AIMD simulations was reported in Refs. 12 and 17. Here, we
discuss the partial RDFs, the most local bond-angle distribu-
tion function, the bonded-atoms structure factor, and the tem-
poral properties of pairs of bonded atoms obtained from
those same simulations. In addition, the electron densities in
a plane containing a triplet of atoms obtained from the
orbital-free and Kohn-Sham calculations are presented and
compared, and the relation between interatomic distance and
bonding density is shown.

The partial radial distribution for the first neighbor in lig-
uid Si, G,(r), is shown in Fig. 9. The distance of closest
approach, rrl“i", is ~1.9 A at ambient pressure and has the
larger common value of 2.0 for Si at the higher pressures,
which suggests a harder effective repulsion between the at-
oms when pressure is applied. The width of the first neighbor
shell is seen to change with pressure, leading to narrower and
higher G,(r) functions, showing a clear change between 8
and 14 GPa, further supporting the idea of a structural tran-
sition between these two pressures.

Figure 10 gives examples for two pressures of the
bonded-atoms structure factor S(q,r,), which follow the
same pattern as liquid Ga. For small values of r,, there is a
peak at the position of the shoulder of S(g), while at larger r,
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FIG. 10. Bonded-atoms structure factor of liquid Si at ambient
pressure and 14 GPa. Labels with the curves denote the values of r,,
in A.

values, a feature emerges that develops into the main peak of
S(q) as r, is increased. The cutoff distance R, for the atoms
to be considered as bonded has been taken as the value of r;,
for which the feature at the position of the main peak of S(g)
starts developing and for which the shape of the S(g,R,) is
similar for all the pressures studied (and also similar to that
of liquid Ga). This criterion does not give a clear-cut value
for R, but is sufficient for qualitative considerations. The
values of R, in A selected for the different pressures are 2.20,
2.25,2.22,2.19, and 2.16 at 0, 4, 8, 14, and 23 GPa, respec-
tively. The corresponding S(g,R,) are shown in Fig. 11. The
concentrations of bonded atoms, obtained from integration of
G,(r) up to R, are, respectively, 0.26, 0.19, 0.11, 0.06, and
0.05. This suggests that at ambient pressure near melting,
many more atoms are covalently bonded in liquid Si than in
liquid Ga and that applied pressure reduces this number sig-
nificantly, taking on values similar to those of liquid Ga near
melting for pressures around 14 GPa.

The bond-angle distribution function obtained from the
earlier OF-AIMD simulations'>!7 was similar to the KS-
AIMD results at ambient pressure,'> with peaks near 60° and

2 \
23 GPa,2.16
1.8 -
14 GPa, 2.19
1.6 -

14k 8 GPa,2.22
12k 4GPa,2.25

1= ambient , 2.20

\ \ \
2 4 6 8 10

)

FIG. 11. Bonded-atoms structure factor of liquid Si at several
pressures for the selected values of R. (in A) shown with each
curve.
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FIG. 12. Most local bond-angle distribution function in liquid Si
at different pressures. The meaning of the line styles is as in Fig. 9.
The dotted line denotes the same function obtained from triplets
where the first neighbor of the central particle is within a distance
R.. The arrows are located at the tetrahedral angle.

90°. However, upon pressurization, a gradual change in
P(cos ) occurred from shapes similar to that of liquid Si at
ambient pressure to those resembling a good metal with
peaks near 60° and 120°. More details of these changes are
displayed in the most local distribution P,(6) for the first
and second neighbors shown in Fig. 12. At ambient pressure,
the most probable angle is rather close to the tetrahedral
angle, with a subsidiary peak near 65°. Upon pressurization
to 8 GPa, the main peak moves to somewhat smaller values,
while the peak near 65° becomes less defined. For pressures
larger than 14 GPa, the 65° peak is strengthened, becoming
the dominant one, while the second peak moves to larger
angles. The dotted lines in Fig. 12 show that the changes in
Py, are much smaller if the first neighbor is within R.. The
maximum near the tetrahedral angle persists for all the pres-
sures suggesting that even at high pressures, there are rem-
nants of covalency, although they are few. This trend with
applied pressure toward a more metallic behavior is consis-
tent with the increase in the coordination number noted in
the earlier report of the orbital-free simulations.!” The CN
grew from 6.6 at low pressure to 11.0 at 23 GPa, a value
which is characteristic of a liquid metal, and with an abrupt
change between 8 and 14 GPa.

The electron density in a plane containing a triplet of
atoms again provides a means to visualize the degree of co-
valency and the OF results can be compared with those ob-
tained from KS calculations for all the pressures considered
in Fig. 13. The distances between the atoms in the vertical
pair (specifically 2.14, 2.08, 2.21, 2.14, and 2.15 A) are
smaller than the R, for the corresponding pressure, and the
distances for the other pair are, respectively, 2.25, 2.21, 2.23,
2.25, and 2.24 A, which are close to the R, values. The cor-
responding angles are 111°, 106°, 107°, 99°, and 101°, re-
spectively. The overall agreement between the OF and KS
densities is again impressive in the regions shown, and in the
interatom regions, the OF density shows an accumulation
that is even larger than in the KS case. Also, the accumula-
tion is larger for the shorter of the two bonds, indicating a
correlation between interatomic distance and charge accumu-
lation.

PHYSICAL REVIEW B 77, 014207 (2008)

FIG. 13. Electron density around selected triplets for liquid Si.
Left panels correspond to OF results and right panels are KS den-
sities. From top to bottom, the pressures are ambient pressure and 4,
8, 14, and 23 GPa. Contour lines start at 0.02 electrons/ a.u.3 with
increments of 0.01 electrons/a.u.?, and the lines within the core
radius ~0.675 A have been omitted.

This correlation can be tested, as it was for Ga, by plot-
ting the maximum difference between the self-consistent
density and the superposition of the pseudoatom density ap-
propriate for a metallic system along the line joining the two
atoms as a function of their separation. The results for all the
pressures are displayed in Fig. 14 and support the inverse
length-strength correlation. Moreover, it is seen that when
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FIG. 14. Difference between the OF density and the superposi-
tion obtained from the linearly screened pseudopotential at its maxi-
mum value between two atoms separated by a distance r. The atoms
considered in the plot are those with a neighbor within a distance R,
and their first, second, and third neighbors.

the atoms are further apart than about 2.6 A, the metallic
superposition becomes an excellent approximation.

The distributions of lifetimes of the Si pairs with separa-
tions smaller than R, for the different pressures are shown in
Fig. 15. As for Ga, the most probable lifetimes are all very
short: about 0.02 ps up to 8 GPa, half this value at 14 GPa,
and slightly longer at 23 GPa, and it appears that the struc-
tural rearrangement between 8 and 14 GPa is accompanied
by some change in the dynamical behavior. These small life-
times and also the analysis of the time variation of the dis-
tance between atoms of the pairs suggest, as for Ga, dynami-
cal characteristics of collisions rather than binding. The
distributions for pairs separated by less than the larger dis-
tance of 2.50 A, independent of pressure, was also calculated
but are not shown to avoid congestion. These distributions
are qualitatively similar to those shown but are shifted to
larger time. The change in the dynamics between 8 and
14 GPa was still evident.

IV. DISCUSSION

The OF results for liquid Ga show the same sort of charge
accumulation between two atoms when they are close
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FIG. 15. Distribution function of lifetimes of pairs of Si atoms
within a distance of R, for the pressures indicated.
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enough that was first reported by Gong et al.> in their KS
simulation and which resembles the density in covalent
bonds. It is surprising that the OF method reproduces bond-
like features which are usually associated with molecular or-
bitals, when, as the name suggests, the method is free of
orbitals. Moreover, the OF results show a larger accumula-
tion than the results of our KS calculations for the same
atomic configuration. The OF simulations of liquid Si for a
number of applied pressures show similar bondlike charge
accumulation which is larger than that obtained with the KS
method.

Gong et al. also proposed that the shoulder in the struc-
ture factor of liquid Ga at about 1000 K is related to the
presence of pairs of atoms separated by less than some cutoff
radius, e.g., 2.38 A. The OF results support this proposal and
also find the same relation at a lower temperature close to the
melting point and for liquid Si at a number of pressures.
However, Gong et al. went on to interpret these pairs of
atoms in the case of liquid Ga as covalently bonded mol-
ecules that have survived melting from the solid a-Ga struc-
ture but this interpretation is not supported by the OF results.
The results show fewer pairs related to the shoulder in the
lower temperature simulation, which is counter to expecta-
tion of a bound molecular unit. Also, the time evolution of
pairs is more like a binary collision than a transient binding.

The relation between the atom pairs and the shoulder in
the structure factors of liquid Ga and liquid Si nevertheless
still remains, and the question then becomes the origin of the
pairs and the charge accumulation between the atoms. In the
case of liquid Ga, the interatomic repulsion is known to be
very soft, which will allow atoms to become close and elec-
tronic charge to accumulate between them. This effect would
explain the greater concentration of pairs at the higher tem-
perature because of the higher atomic kinetic energy allow-
ing atoms to come closer. Another factor that might contrib-
ute both in Ga and Si is their metallic nature. The position of
the shoulder in S(g) for both systems is near g=2kg, which is
an important wave vector for the homogeneous electron gas,
which itself is the basis of many models of simple metal
systems. Furthermore, a purely metallic treatment of liquid
Ga using pseudopotential treated to second order in pertur-
bation theory, along with classical simulations** or with lig-
uid state theories,* does yield an S(g) with a shoulder. Simi-
lar structure factors are also obtained for Si through the use
of the same methods (second order perturbation theory and
liquid state theories) with pseudopotentials constructed
within the same spirit as those used in this paper.’® Screened
dispersion interactions between Ga ions also appear to have
some influence on the shoulder.’” Finally, induced polariza-
tion effects that do not vanish because of the lack of symme-
try in the instantaneous ionic configurations have been found
to increase the height of the shoulder and diminish the main
peak.® In summary, the existence of pairs of atoms which
show charge accumulation between them appears to be an
important factor in the appearance of the shoulder of S(g),
but there may well be others and the picture is not yet com-
plete.

In liquid Ga, analysis of the connection of atoms to one
another showed that it is only disconnected pairs that exhibit
charge accumulation resembling covalent bonds between the
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atoms. A similar analysis in the case of liquid Si gave an
average number of connections per atom which depended on
the pressure. At ambient and low pressures, there was a mix-
ture of pairs and open triplets of atoms with the fraction of
triplets diminishing with pressure becoming very small even
by 8 GPa, so that for this and higher pressures, disconnected
pairs dominated. However, the number of atoms involved is
25% in the case of liquid Si, much larger than the 5% in Ga.
The open triplets detected in liquid Si have a bond angle
close to 109° but they exist only for a very short time, and it
is premature to interpret these as remnants of the tetrahe-
drally bonded solid that persist into the liquid.

V. CONCLUSIONS

Orbital-free ab initio simulations have been performed for
liquid Ga at two temperatures and used to investigate the
origin of the unusual shoulder on the large-g side of the
structure factor. The results suggest that the appearance of
the shoulder is related to a population of pairs of atoms
which are closer than a cutoff distance of about 2.38 A, sup-
porting the earlier proposal of Gong et al. based on Kohn-
Sham simulations at 1000 K.'° However, the analysis of the
OF results also shows that the concentration of pairs at the
higher temperature, 7=959 K, is larger than at 373 K, which
is contrary to the prediction of Gong et al. Similarly, the
analysis of OF simulations of liquid Si at several pressures
suggests that the shoulders which are also seen in the struc-
ture factors are related to atom pairs which are closer than
distances that depend on the pressure but lie between 2.0 and
2.5 A.

The electron density between the atoms of the pairs that
are related to the shoulder shows an accumulation that re-
sembles a covalent bonding charge, and this was taken by
Gong et al. as a signature of a molecular unit. The OF ap-
proach is often thought to be limited to systems where varia-
tions in electron density are small such as simple metals and
alloys, but the OF simulations also show a covalentlike ac-
cumulation which is, unexpectedly, larger than that obtained
with KS calculations. Nevertheless, the effect of temperature
on the population of pairs in liquid Ga and the time evolution
of pairs do not support the interpretation of pairs as molecu-
lar units that have survived melting. The pairs and triplets
related to the shoulders in the liquid Si structure factors are
also very short lived and their behavior is collisionlike and
does not resemble binding.
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The portrayal by the OF method of the charge accumula-
tions is surprising. It was not anticipated that the approach
would give such a reasonable description of the large charge
accumulations, even though the liquid Ga and Si systems are
metallic. The success of the method reported here might sig-
nal an extension of its range of validity. However, there re-
main serious limitations which should be the subjects of fur-
ther study. The key element of the OF method is an explicit
functional of the density for the electron kinetic energy. This
eliminates the need for the set of Kohn-Sham orbitals but at
the cost of an approximate kinetic energy. However, the
functional adopted here involves a uniform gas reference
system with a mean density appropriate for the system to be
investigated, and to some extent, the functional is tailor made
for the particular system and may have limited transferabil-
ity. The second limitation which emerges as a consequence
of the elimination of the orbitals is the need for a local
pseudopotential. The nonlocal, first principles pseudopoten-
tials usually employed in ab initio Kohn-Sham simulations
are obtained from an all-electron free atom calculation and
the norm conservation guarantees transferability of the po-
tential to other situations. The local pseudopotentials used in
these OF simulations are fitted to the atom in an electronic
environment similar to that in the liquid metal systems under
study. Their transfer to the the particular system is likely to
be very good, but transfer to the same atoms in a different
environment will be less good. The method to construct the
pseudopotentials, making explicit use of the OF functional in
its unscreening, attempts to achieve some cancellation of the
errors inevitably present in the functional. The success of the
method here and earlier suggests that this is in fact the case.

The development of a kinetic energy functional that does
not require a uniform gas reference system or is insensitive
to the choice of system is worthy of study. A uniform gas is
also involved in the generation of the pseudopotential and it
may be possible to select from the set of potentials the one
which is insensitive to the mean density of the gas.
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