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Structure and dynamics of bulk liquid Ga and the liquid-vapor interface: An ab initio study
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The static and dynamic structure of bulk liquid gallium is studied by using the orbital-free ab initio mo-
lecular dynamics method. Three thermodynamic states along the coexistence line are considered, namely, 7'
=373, 523, and 959 K for which x-ray and/or neutron scattering data are available. The calculated static
structure shows good agreement with the available experimental data. The dynamical structure reveals collec-
tive density excitations with an associated dispersion relation, which closely follows recent experimental data.
Results have also been obtained for several transport coefficients. The overall picture is that the dynamic
properties have many characteristics of the simple liquid metals. Additional simulations have also been per-
formed on the structure of the free liquid surface associated with those thermodynamic states. We analyze its
oscillatory ionic and valence electronic longitudinal density profiles, and comparison is made with the corre-

sponding experimental data.
DOI: 10.1103/PhysRevB.77.064202

I. INTRODUCTION

The ab initio molecular dynamics (AIMD) methods based
on the density functional theory!' (DFT) have become a usual
technique for the study of liquid systems. Starting with a
collection of atoms at given nuclear positions, the DFT en-
ables us to compute the ground state electronic energy and,
via the Hellmann-Feynman theorem, it also yields the forces
on the nuclei. It enables us to perform molecular dynamics
(MD) simulations in which the nuclear positions evolve ac-
cording to classical mechanics, whereas the electronic sub-
system follows adiabatically. Most AIMD methods are based
on the Kohn-Sham (KS) orbital representation of the DFT
(KS-AIMD methods), which poses heavy computational de-
mands and therefore somehow limits the size of the systems
under study as well as the simulation times. However, some
of those constraints can be brushed away by the so-called
orbital-free ab initio molecular dynamics (OF-AIMD)
method, which by disposing of the electronic orbitals of the
KS formulation 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) and for longer simulation times (tens of picosec-
onds).

This paper reports an ab initio molecular dynamics simu-
lation on several static and dynamic properties of liquid gal-
lium (1-Ga) at three thermodynamic states along the coexist-
ence line. Gallium is an interesting material with peculiar
structural and electronic properties. Besides a very low melt-
ing point (303 K), it exhibits a wide variety of morphological
crystalline structures, which include both covalent and me-
tallic bondings. At ambient pressure,? the stable crystalline
structure is the orthorhombic a-Ga with seven nearest neigh-
bors and combines metallic bonding with strong Ga, cova-
lent bonds. Upon application of pressure, it transforms to a
metallic phase, Ga II, with a complicated structure compris-
ing 104 atoms in the unit cell. At melting, I-Ga has a higher
density than the stable solid a-Ga, it has 10-11 nearest
neighbors, and its static structure factor S(g) exhibits a main
peak with a shoulder characteristic of nonclosed packed
structures.

Most theoretical studies on 1-Ga have focused on its static
structural properties and the vast majority were performed by
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classical MD simulations where the liquid system was char-
acterized by effective interatomic potentials constructed by
means of some approximate theoretical model.** To our
knowledge, only two KS-AIMD-type calculations’”® have
been performed; however, the serious computational con-
strains inherent to this method have imposed some limita-
tions on the calculated properties.

Gong et al.” performed the first KS-AIMD calculation of
the electronic and static properties of bulk 1-Ga at T
=1000 K; the calculation used 64 particles, a separable
pseudopotential, and the local density approximation (LDA)
for the electronic exchange and correlation energies. Subse-
quently, another KS-AIMD calculation for 1-Ga at 7=702
and 982 K was carried out by Holender et al.® by using 64
particles, a norm conserving nonlocal pseudopotential, and
the LDA. Besides the electronic and static properties, this
calculation also yielded some results for a collective prop-
erty; namely, the dynamical structure factor.

The ab initio studies have provided accurate descriptions
of the local liquid structure, as well as valuable insights into
the properties of the valence electronic charge densities. In-
deed, it was found’ that covalent and metallic characters co-
exist in 1-Ga, with the covalent aspect evidenced by the ex-
istence of some very short lived Ga, covalent molecules with
bonds similar to those of a-Ga. On the other hand, the cal-
culated dynamic structure factors® revealed the existence of
density fluctuations up to a wave vector of 1.8 A~'. How-
ever, these KS-AIMD studies could only be afforded to be
performed at high temperatures because of the high mobility
required for a fast thermalization of the simulated sample.
Consequently, the region around the melting point, for which
a wealth of experimental data is available, was left aside.
Furthermore, there are other dynamical properties of 1-Ga,
not yet evaluated, that will constitute a substantive part of the
present study; which, to our knowledge, is the first ab initio
study on the dynamical properties of bulk 1-Ga near melting.

On the experimental front, the static structure factor of
1-Ga has already been measured by both neutron scattering’
(NS) and x-ray'? diffraction. As for the dynamical structure,
it has also been investigated by both inelastic neutron
scattering!'~!3 (INS) and inelastic x-ray scattering (IXS).!4-1
The INS measurements of Bermejo et al.'! for 1-Ga near
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melting found no inelastic peaks in the low-g region,
where—according to the hydrodynamic theory—they should
have been expected. This absence was rationalized in terms
of an overdamping effect induced by the very high value of
the longitudinal viscosity. Subsequently, another INS
experiment'? for 1-Ga at a higher temperature (7=973 K)
found, in that low-¢ region, two (low and high frequencies)
branches of collective excitations which were linked to
acoustic and optic modes, respectively. This discrepancy be-
tween the low and high temperature experimental results was
attributed to a sharp viscosity drop with increasing tempera-
ture.

More recently, an IXS experiment by Scopigno et al.,'*
for 1-Ga near melting, has unambiguously unveiled the exis-
tence of collective excitations in the same low-g region
where the previous INS measurements!! had suggested an
overdamped regime. Indeed, these measurements found that
the collective density excitations in 1-Ga exhibited a pattern
very similar to that of the liquid simple metals'”-'® near melt-
ing. These findings have recently been corroborated by addi-
tional IXS'® and INS'3 measurements. Specifically, those of
Hosokawa et al.'® were performed for 1-Ga at T=373 K.
They investigated the wave vector regions 0.03=g
=2.8 A~!, obtaining several dynamical features already ob-
served in the liquid alkali metals, such as the existence of
collective excitations up to g values around 0.5¢, [where 9,
is the main peak’s position of S(g)] which, moreover, exhibit
a positive dispersion of =15% in the g-dependent adiabatic
sound velocity with respect to the hydrodynamic value. On
the other hand, the INS data of Bove et al.'* were obtained
for 1-Ga at T=320 and 970 K and spanned a region of 0.25
=g=1 A~'. Besides corroborating the previous IXS find-
ings for the collective dynamics (i.e., the occurrence of
propagating density fluctuations), their INS data have pro-
vided new insights into the single particle dynamics. Specifi-
cally, it was found that, within the explored g range, two
different time scales are needed to adequately account for the
self-dynamics; the slower one was associated with the usual
diffusion process, whereas the faster one described the resi-
dence time of an atom within the cage of its nearest neigh-
bors. Consequently, it was shown that a two-Lorentzian func-
tion model was the more adequate to describe the
experimental self-dynamical structure.

The free liquid surface of 1-Ga has also attracted some
interest, and x-ray reflectivity (XR) measurements have been
performed on 1-Ga over a range of temperatures from 295 to
443 K.19-2! The reflectivity was measured up to wave vector
transfers of ¢,=3.0 A-!, showing a marked peak at around
q,=2.4 A-'. This is indicative of an oscillatory (longitudi-
nal) ionic density profile (DP) along the normal to the liquid
surface, which extends for several atomic diameters into the
bulk liquid. Moreover, it was found that the amplitude of the
peak decreases drastically upon heating along the previous
temperature range. This has been linked to the temperature
dependence of capillary-wave induced surface roughness.
More recently, x-ray diffuse scattering measurements by Lin
et al.?> have shown the wavelength dependent surface ten-
sion on 1-Ga at 308 K. On the theoretical side, we single out
the studies of Zhao et al.>»** on the free liquid surface of
1-Ga near melting, which were performed by self-consistent
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Monte Carlo (MC) simulations based on density dependent
pair potentials derived from pseudopotentials. They obtained
an oscillating longitudinal ionic DP lasting for around four
atomic diameters into the bulk liquid, which is in agreement
with experiment. Furthermore, the calculated longitudinal
electronic valence DP also exhibited weaker oscillations that
were clearly in the opposite phase of the ionic ones.

The layout of this paper is as follows. In Sec. II, we
provide a brief review of the OF-AIMD method, with special
emphasis on the electronic kinetic energy functional and the
local pseudopotential used to characterize the ion-electron
interaction. Section III presents the results obtained for sev-
eral static and dynamic properties of bulk 1-Ga at three ther-
modynamic states ranging from near melting up to the high
temperature state considered in the aforementioned KS-
AIMD studies.”® The structure of the liquid-vapor interface
is calculated in Sec. IV, where several structural magnitudes
are evaluated and discussed. In both sections, a comparison
is made with the available experimental data. Finally, some
conclusions are drawn and possible ideas for further im-
provements are suggested.

II. THEORY

A simple liquid metal is treated as a disordered array of N
bare ions with valence Z, enclosed in a volume V, and inter-
acting with N,=NZ valence electrons through an electron-ion
potential v(r). The total potential energy of the system can be
written, within the Born-Oppenheimer approximation, as the
sum of the direct ion-ion Coulombic interaction energy and
the ground state energy of the electronic system under
the external potential created by the ions V. (r,{R;})
==y

E(R} =2

i< IRi— R|+Eg[Pg(r)’Vext(r,{Rz})], (1)

where p,(r) is the ground state electronic density and R, are
the ionic positions. According to DFT, the ground state elec-
tronic density p,(r) can be obtained by minimizing the en-
ergy functional E[p], which can be written as

E[p(r)]=T[p]+Eylp] + Ex[p]+ Ecxlp]. (2)

where the terms represent, respectively, the electronic kinetic
energy T,[p] of a noninteracting system of density p(r), the
classical electrostatic energy (Hartree term)

Efp]= f J arasPEPS) S) 3)

|r

the exchange-correlation energy E,[p], for which we have
used the generalized gradient approximation,” and finally
the electron-ion interaction energy

Eext[p]=fdrp(r)vext(r), (4)

where the electron-ion potential has been characterized by a
local ionic pseudopotential constructed within DFT.'8
In the KS-AIMD method,' T,[p] is exactly evaluated by

using single particle orbitals, which requires a huge compu-
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tational effort. This is ameliorated in the OF-AIMD
approach!1326 by using an explicit albeit approximate func-
tional of the density for 7 p]. The proposed functionals con-
sist of the von Weizsicker term,

Tylp(r)]= % f dr|Vp(r)|*/p(r), )

plus further terms chosen in order to correctly reproduce
some exactly known limits. Here, we have used an average
density model,'® where T,=Ty+T,,

3 _
Ta=7; f drp(r)%(r)?,

k(r) = (2k3)° f dsk(s)w,(2k3r —s|), (6)
k(r)=(37)"3p(r)?, kOF is the Fermi wave vector for mean
electron density p,=N,/V, and w,(x) is a weight function
chosen so that both the linear response theory and Thomas-
Fermi limits are correctly recovered. Further details are
given in Ref. 18.

Another key ingredient of the energy functional is the
local ionic pseudopotential v ,(r) describing the ion-electron
interaction. It has been constructed from first principles by
fitting, within the same T[p] functional, to the displaced
electronic density induced by an ion embedded in a metallic
medium as obtained in a KS-DFT calculation. Further details
are given in Ref. 18 and we just note that the previous the-
oretical framework has already delivered an accurate de-
scription of several static and dynamic properties of bulk
liquid Li, Mg, Al, Na-Cs, and Li-Na systems'®?” as well as
some liquid-vapor (LV) interfaces.”

III. RESULTS: BULK PROPERTIES

OF-AIMD simulations were performed for bulk 1-Ga at
three thermodynamic states. We have considered 2000 ions
in a cubic cell with periodic boundary conditions and whose
size was appropriate for the corresponding experimental?
bulk ionic number density; additional details are given in
Table 1. Given the ionic positions at time ¢, the electronic
energy functional is minimized with respect to p(r), repre-
sented by a single effective orbital (r), defined as p(r)
=y(r)%. The orbital is expanded in plane waves which are
truncated at some cutoff energy E.,. The energy minimiza-
tion with respect to the Fourier coefficients of the expansion
is performed every ionic time step by using a quenching
method, which results in the ground state electronic density
and energy. The forces on the ions are obtained from the
electronic ground state via the Hellman-Feynman theorem,
and the ionic positions and velocities are updated by solving
Newton’s equations, with the Verlet leapfrog algorithm. In
the simulations, the equilibration process lasted 15 ps and the
calculation of properties was made averaging over 80 ps. For
comparison, recall that the two forementioned KS-AIMD
simulations lasted for 2.5 (Ref. 7) and 8.0 ps,® which under-
scores its limitations for addressing the dynamical properties.
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TABLE I. Input data for the thermodynamic states of bulk 1-Ga
studied in this work, along with some simulation details. L is the
side of the simulation box, &t is the ionic time step, and E, is the
cutoff energy.

T Pi LO ot Ecut
(K) (A7) (A) (ps) (Ry)
373 0.0512 33.924 0.005 15.5
523 0.0505 34.086 0.005 15.5
959 0.0490 34.431 0.005 15.5

We have evaluated several liquid static properties (pair
distribution function and static structure factor) and dynamic
properties, both single-particle ones (velocity autocorrelation
function and mean square displacement) and collective ones
(intermediate scattering functions, dynamic structure factors,
and longitudinal and transverse currents). The calculation of
the time correlation functions (CFs) was performed by taking
time origins every five time steps. Several CFs also have a
dependence on the wave vectors q which, as our system is
isotropic, depend on g=|q| only.

A. Static properties

Figure 1 depicts the calculated static structure factors S(g)
along with the x-ray diffraction data of Waseda'® and the NS
data of Bellissent-Funel et al.” The OF-AIMD based S(g) at
T=373 K exhibits a main peak at g,~2.51 A, along with
the characteristic shoulder at =3.10 A‘l, and the second
peak is at ~4.87 A~!. As for the experimental S(g)’s, we
note that for 7=363 K, the NS data of Bellissent-Funel et
al.® show a main peak at =~2.53 A~!, with the shoulder at
~=3.0 A‘l, and the second peak at =4.87 A-l. The OF-
AIMD results for 7=373 and 523 K overestimate the ampli-
tude of the main peak, but the amplitude and phase of the
subsequent oscillations are well reproduced. A good agree-
ment with experiment is obtained for S(g) at T=959 K; in-
deed, this accuracy is comparable to that achieved by the
KS-AIMD results of Gong et al” at T=1000 K and
Holender et al.® at T=982 K. However, these latter ones
display a spiky shape in the region around the first peak.

Extrapolation of S(g) to ¢— 0 allows the isothermal com-
pressibility «; to be estimated from the relation S(g—0)
=pkgTrr. A least-squares fit of S(g)=sy+s,4> to the calcu-
lated S(g) for g values up to 0.6 A~' yields the result of
Kroramp=220%0.2 for 7=373 K (in 107" m*>N w~!
units), which is close to the experimental value at the same
temperature,”’ namely, k;=2.05+ 0.10. For the higher tem-
peratures 7=523 and 959 K, we have obtained k7 opamp
=2.4%+0.2 and 2.6 =0.3, whereas their respective experi-
mental data® are xk;=2.10*0.1 and 2.50 = 0.1. Additionally,
the KS-AIMD study of Holender et al® yielded a value
Krks-ammp=2.4+0.3 for =702 K, whereas the experimen-
tal value was kr=2.2%0.1.

The pair distribution function g(r) is also directly evalu-
ated during the simulations. Its main peak’s position is usu-
ally identified with the average nearest neighbor distance,
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FIG. 1. Static structure factors of bulk 1-Ga. Continuous line:
OF-AIMD simulations at 7=373, 523, and 959 K. Full circles:
experimental NS data (Ref. 9) at =363, 523, and 959 K. Open
circles: experimental x-ray diffraction data (Ref. 10) at 7=323 K.

which in the present OF-AIMD calculation stands at
~2.80 A for T=373 K, and slightly reduces to =2.78 A
for T=523 K and =~2.73 A for T=959 K. Also, a similar
trend is displayed by the experimental g(r)’s of Bellisent—
Funel et al.” where the main peak’s position decreases from
~2.76 A for T=326 K to =~2.70 A for T=959 K. This lat-
ter value was also obtained in the KS-AIMD calculation® of
1-Ga at 7=982 K. The number of nearest neighbors, also
known as the coordination number (CN), is obtained by in-
tegrating the radial distribution function (RDF), 47r’p,g(r),
up to a distance r,, which is usually identified as the position
of the first minimum in the RDE3%3! Our calculations give
rn~3.81, 372, and 3.45 A for T=373, 523, and 959 K,
leading to CN=11.8, 11.2, and 8.5 atoms, respectively. A
similar calculation made by using the experimental g(r) of
Bellisent-Funel et al.® gave CN~10.5 and 8.7 atoms for T
=326 and 959 K, respectively. On the other hand, we note
that the previous KS-AIMD studies of 1-Ga at 7=1000 and
982 K gave CN~8.9 and 9.1, respectively.”®

B. Dynamic properties
1. Collective dynamics

The intermediate scattering function F(q,) contains both
spatial and temporal information on the collective dynamics
of density fluctuations. It is defined as

N N
F(q,1) =]]T] (E e—iqu(t+t0)> (2 eiqR](tO)> _ )
I=1

J=1

Its frequency spectrum is the dynamic structure factor
S(q,w), which can be directly measured by either INS or
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FIG. 2. g-dependent sound velocity ¢ (g) for liquid Ga. Open
circles: OF-AIMD results. Full circles: experimental c,(q) at T
=373 K from Hosokawa et al. (Ref. 16). Crosses: experimental
c,(g) at T=315 K from Scopigno et al. (Ref. 14). Dashed line:
OF-AIMD results for T=959 K. The arrows show the experimental
adiabatic sound velocities of 2890 and 2700 m/s for 7=373 and 959
K, respectively.

IXS experiments. For the three thermodynamic states, the
calculated F(q,r) exhibit a marked oscillatory behavior with
the amplitude of the oscillations being stronger for the
smaller ¢ values, and this is superposed on a very weak
diffusive component. Indeed, this is a typical trend found for
other simple liquid metals near melting by either computer
simulations'332-3* or theoretical models,*’ and it gives rise to
clearly defined inelastic peaks in the S(g,w).

For all states, we have found that the side peaks in the
corresponding S(g, w) last up to g=(3/5)g,,. Moreover, from
the positions of the side peaks w,,(¢), the dispersion relation
of the density fluctuations is obtained and its slope at g=0
provides an estimate for the adiabatic sound velocity c;.
Thus, for T=373 K, we have obtained ¢,=2920=* 150 m/s,
which compares well with the corresponding experimental
data® of ¢,=2890+50 m/s. Hosokawa et al.'® measured
the g-dependent adiabatic sound velocity, defined as c¢,(q)
=wy(q)/q, where w,(q) is the maximum frequency of the lon-
gitudinal current correlation function J,(¢,®)=w?S(q,w). In
the low-¢q region, the experimental c,(g) data exhibit a posi-
tive dispersion, i.e., an increase with respect to the hydrody-
namic adiabatic speed of sound, with a maximum located
around 0.3 A~! and whose magnitude amounts to ~15%.
This value is greater than the =7% result obtained from the
IXR data of Scopigno et al.'* for a slightly lower tempera-
ture (7=315 K). Both sets of data are plotted in Fig. 2
where we have also included our calculated ¢ (g) values
which predict a positive dispersion of =8%. Analogously,
for the higher temperatures, 7=523 and 959 K, the OF-
AIMD calculation gives ¢,=2875 and 2750* 150 m/s,
which are close to their respective experimental values® of
¢,=2840 and 2700 =50 m/s. Moreover, for T=959 K, the
present calculations still predict a positive dispersion of
~5%.

More recently, Scopigno et al.'> performed another set of
IXS measurements on S(g,w) of liquid Ga at T=315 K, and
for wave vectors up to 3¢,. Their results showed that for ¢
=2 A, the associated S(g, w) may be described in terms of
three Lorentzian lines; whereas for greater g values, it prac-
tically reduces to the central one, which stands for the quasi-
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FIG. 3. HWHM of the dynamic structure factor for liquid Ga.
Full circles: experimental data at 7=315 K from Scopigno et al.
(Ref. 15). Open circles: Present OF-AIMD results for 7=373 K.

elastic extended heat mode. Figure 3 shows the experimental
data for the half-width at half maximum (HWHM) of the
quasielastic heat mode; it exhibits oscillations clearly con-
nected with those of the S(g). Most noticeable are the
minima at ¢=¢,, and g~ 3 A-!, with the latter related to the
shoulder in S(g). These features are also visible in the calcu-
lated OF-AIMD results for 7=373 K, which show a fair
agreement with experiment.

The transverse current correlation function J,(¢,7) pro-
vides information on the shear modes and its shape evolves
from a Gaussian, in both ¢ and ¢, at the free particle (g
—o0) limit toward a Gaussian in ¢ and exponential in 7 at the
hydrodynamic limit (g—0), i.e.,

1
Jt(q — O,Z) = B—me—qan/mp’ (8)

where 7 is the shear viscosity coefficient, 8= (kgT)~', and m
is the atomic mass. At both the above limits, J,(g,?) is always
positive. However, at intermediate g values, it usually shows
a more complicated behavior with well-defined oscillations
around zero,'”!83¢ whereas the associated spectra J,(q,®)
have an inelastic peak which appears at low ¢ values and
lasts for a finite ¢ range. Indeed, 1-Ga at T=373 K clearly
shows the aforementioned behavior which qualitatively
agrees with what has already been obtained for other simple
liquid metals'7!83* near melting. The associated spectra
show clear inelastic peaks within the range of 0.3=gq
=2.30 A~'. However, when the temperature is increased to
T=523 K, the oscillations in J(q,t) become weaker and
now the inelastic peaks are confined to a narrower range;
namely, 0.5=¢=1.80 A~'. At T=959 K, J,(¢.1) show ex-
tremely weak oscillations and now the corresponding
J(g,w) has no inelastic peaks. This progressive disappear-
ance of the inelastic peaks with increasing temperature can
be observed in Fig. 4 where we have depicted J,(q,w) for
T=373 and 959 K and a wide g range. Recalling that the
inelastic peaks in J,(¢,w) are associated with propagating
shear waves, the previous results point to its absence for 1-Ga
at 7=959 K.

From the obtained J,(¢,?), it is possible to estimate the
shear viscosity coefficient 7. The procedure exploits the
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o J(q, ®)

FIG. 4. OF-AIMF transverse current correlation spectrum
J(q,w) at several ¢ values (in A™!) for liquid Ga at T=373 and 953
K. ¢=0.26 (full curve), ¢g=0.45 (dashed curve), ¢=0.82 (dotted
curve), ¢g=1.3 (dashed-dotted curve), and ¢g=1.9 (dashed-double
dotted curve).

memory function representation of the J,(¢,1). Further details
are given in Refs. 18, 37, and 38. From the present OF-
AIMD simulations, we obtain the values (in GPa ps units)
7=1.60+0.20 (for 7=373 K), 7=1.12%x0.15 (for T
=523 K), and 7=0.74%=0.08 (for T=959 K), which stand
in reasonable agreement with their respective experimental
data;*® namely, 7, =1.58+0.05, 7, =1.10%0.05, and
Dexpi=0.63 £ 0.03.

2. Single-particle dynamics

Information on the transport properties in liquid systems
can be extracted from the velocity autocorrelation function
(VACF) of a tagged ion in the fluid Z(z) defined as

Z(1) = (v, (v, (0))/(v), 9)

which stands for the normalized VACF. Figure 5 shows the
obtained Z(z), which exhibit the usual pattern displayed by
simple liquid metals; namely (i) an oscillatory behavior with
a distinct negative minimum followed by progressively
weaker oscillations and (ii) dampened features with increas-
ing temperature (i.e., decreasing density).

The associated power spectrum Z(w) is the time Fourier
transform (FT) of Z(¢), and the results obtained are depicted
in Fig. 6. At T=373 K, Z(w) shows the double peak struc-
ture characteristic of simple liquid metals near melting,'”!8
However, as the temperature is increased the low frequency
peak progressively fades away, whereas the low frequency
diffusive modes become more conspicuous. Simultaneously,
the higher frequency peak dampens and slightly moves to-
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FIG. 5. Normalized OF-AIMD Z(t) for 1-Ga at three tempera-
tures along the coexistence line.

ward smaller w values. This is precisely the trend observed
in Fig. 6 where we stress that at 7=959 K the low frequency
peak has already disappeared.

The self-diffusion coefficient D is readily obtained from
either the time integral of Z(¢) or from the slope of the mean
square displacement SR*(r)=(|R(1)—R,(0)|?) of a tagged
ion in the fluid as follows:

1 o]
D=— f Z()dt, D =lim S6R*(t)/6t. (10)
,Bm 0 t—o0

Both routes lead to practically identical values; namely,
Doramp=0.20+0.02, 0.38+0.02, and 0.95+0.04 A?/ps
for T=373, 523, and 959 K, respectively. The experimental
data* for 1-Ga at melting (7=303 K) stand within the range
Of Dy =0.16-0.17 A?/ps, and extrapolation to 7=373 K
gives an estimate of Dy, =~0.24-0.27 A2/ps. As for the
higher temperatures, no experimental data are available but
we may compare with other calculations. For example, the
KS-AIMD calculation at 7=1000 K by Gong et al.” gave
Dy amp=1.0 A% ps, which is very close to the present OF-
AIMD result. On the other hand, the KS-AIMD study of
Holender et al.® at T=982 K yielded the much smaller value
of Dgs amp=0.65 AZ%/ps. All in all, the present OF-AIMD
result stands within the range of values predicted by the KS-
AIMD method.

0.08 — 373K

SR

Z() (arb. units)

o (ps™)

FIG. 6. Same as in the previous figure but for the corresponding
power spectrum Z(w).
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FIG. 7. Electronic (continuous thin line) and ionic (continuous
thick line) density profiles normal to the liquid-vapor interface in
liquid Ga at T=373, 523, and 959 K. The densities are plotted
relative to their values at the slab’s center. The dashed and dotted-
dashed lines are the x-transverse (displaced by -0.25) and
y-transverse (displaced by —0.5) ionic density profiles.

IV. RESULTS: LIQUID-VAPOR INTERFACE

Additional OF-AIMD simulations have been performed in
order to study the LV interfaces in 1-Ga at 7=373, 523, and
959 K. Now, for each system, we have considered a slab
consisting of 3000 ions in a supercell with two free surfaces
normal to the z axis. The dimensions of the slabs were
LoLoL, (L.=aL,), with a@=1.75 and L, chosen so that the
average ionic number density of the slab coincides with the
experimental bulk ionic number density of the system at the
same temperature; an additional 20 A of vacuum was added
both above and below the slab. The ionic time step was again
6r=0.005 ps, but now we took E.,=10.5 Ry for all sys-
tems. We used a smaller E_, than in the bulk calculations
because the increased simulation box and number of ions
imposed heavier computational demands. Nevertheless, we
checked that even for this smaller cutoff, the energy and
forces were well converged. An equilibration run of 15 ps
was performed and the evaluation of the slab’s physical
properties was made by averaging over the following 90 ps.

During the simulations, the slabs slightly contracted in
response to the zero external pressure condition, leading to
some increase in the average ionic density in the central re-
gion of the slab with respect to its input value (see Table I).
Specifically, those variations were 6.7% (at T=373 K), 7.6%
(at T=523 K), and 9.5% (at T=959 K).

The longitudinal ionic DP was computed from a histo-
gram of particle positions relative to the slab’s center of
mass, with the profiles from both halves of the slab being
averaged; the results are shown in Fig. 7. There is a marked
stratification lasting for several layers (ranging from ~6-7
for T=373 K to =3-4 for T=959 K) with the outer oscil-
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TABLE II. Details of the layers used for computing the trans-
verse pair correlation functions Azgp and Azgp refer to the posi-
tions, with respect to the center of mass, of the outermost and sec-
ond layers, respectively. Apg; and Apg; are the percent variations,
with respect to the slab’s bulk value, of the ionic number densities
in the outermost and second layers, respectively.

T AzoL Azgp
(K) (A) (A) ApoL Aps
373 23.8-25.9 21.3-23.8 18.4 0
523 24.07-26.27 21.54-24.07 12.0 0
959 24.4-26.75 21.8-244 5.1 -2.7

lation displaying the higher amplitude. For each thermody-
namic state, all of the oscillations have the same wavelength;
namely, A=2.5, 2.53, and 2.6 A for T=373, 523, and 959 K,
respectively. We note that these N values neatly fit into the
linear relationship*! that for several simple liquid metals, we
have found between X\ of the oscillations in the longitudinal
ionic DP and the radii of the associated Wigner—Seitz
spheres. The outer layer, comprising from the outer mini-
mum to that point of the decaying tail where it reaches half
of its bulk value, has a smaller wavelength; namely, A=2.1,
2.2, and 2.35 A for T=373, 523, and 959 K, respectively.
These features qualitatively agree with the “experimental”
DP as derived from the XR measurements;'?? specifically,
the experimental DP near melting exhibits oscillations with a
A=2.55 A~ and the outer oscillation has a greater ampli-
tude than the second one. Similar characteristics were also
predicted by the MC simulations of Zhao et al.> for 1-Ga at
T=373 K; specifically, they also obtained an oscillating lon-
gitudinal ionic DP with A=2.5 A and the outer oscillation
was again higher than the previous one. Figure 7 also in-
cludes the calculated transverse ionic DPs (x and y), which
are rather structureless in sharp contrast with the rich struc-
ture of the longitudinal ionic DP.

We have also analyzed the effects of the LV stratification
on the in-plane structure of the liquid, as evidenced by the
variation in the transverse pair correlation function gu(r)
across the interface (Table II). We have partitioned the outer
region of the slab into layers located between consecutive
minima of the oscillations, with the narrower outer layer
ranging as previously defined. The ionic number density of
this outer layer and of the first inner one changes as shown in
Table II, and all the inner layers have basically the bulk

PHYSICAL REVIEW B 77, 064202 (2008)

FIG. 8. Transverse pair correlation functions for the outer layers
in 1-Ga at 7=373 K. Full line: outermost layer. Dashed line: first
inner layer. Dotted line: second inner layer. Full circles: bulk g(r).

value. Therefore, we observe that despite its marked stratifi-
cation, the bulk density is attained at ~6—7 A from the LV
interface. These density variations are reflected in the asso-
ciated g;(r), whose main peak increases in height while pre-
serving its position. This is depicted in Fig. 8§ which shows
gr{(r) for the outer layers along with the bulk one. Those
g7(r) have been used to calculate the CN within each layer,
defined as the average number of neighbors within a distance
identified as the position of the first minimum of the two-
dimensional (2D) radial distribution function [which for
these 2D layers is proportional to rg,(r)].*> The values ob-
tained are CN=5.1, 5.0, and 4.9 for the outer, first, and sec-
ond inner layers, respectively, whereas a similar calculation
for a layer placed at the center of the slab yielded CN=4.7.
The greater values at the outer layers are a consequence of
the greater ionic number density and/or a higher main peak.

Additional insight into the three-dimesional local struc-
ture is provided by the z-dependent CN n(z) defined as the
average number of neighbors (notwithstanding its position)
within a distance r,, which is taken as the position of the first
minimum of the bulk RDF (the specific values are given in
the previous section). Table IIT gives the n(z) values for se-
lected locations inside the slab. Within a wide region around
the center of the slab, n(z) remains practically a constant and
it is just very close to the LV interface; namely, around the
second outer maximum when n(z) begins to decrease. In-
deed, even at this second outer maximum, 7n(z) still takes the
bulk value, whereas at the outer maximum, the n(z) values
have already decreased to =70%.

Another informative property concerns the structural rear-
rangements induced by the interface. Those changes may be

TABLE III. Values of the z-dependent coordination number n(z) at different z values along the slab. n(zp)
is the average value in a wide region around the center of the slab. zgy and zgy are the positions of the outer
maximum and the second maximum, respectively. z; is the distance between the outer maximum and the
point where the decaying ionic density profile reaches half the bulk value. n(z,) is defined in the text.

T ZoM sm 2
(K) n(zp) (A) n(zom) (A) n(zsm) (A) n(z,)
373 11.5 25.0 8.2 22.5 11.6 0.90 7.3
523 10.9 25.3 7.8 22.77 10.9 0.92 6.9
959 8.5 25.7 6.1 23.1 8.5 0.95 5.6
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quantified®® by comparison with an ideally terminated sur-
face obtained by abruptly cutting the slab in the central re-
gion, i.e., at z=0. Then, n(z) is evaluated at a distance z,
which is approximately that between the outermost maxi-
mum and the point where the decaying ionic DP attains half
its bulk value. The calculated values of z,; and n(z,) are given
in Table III. The n(z,) are always smaller than those at the
outer maximum, which indicates that the surface structural
rearrangements induce some increase in the CN over that of
an ideally terminated surface.

Figure 7 also shows the calculated self-consistent valence
electronic DP, which exhibits distinct oscillations although
with much smaller amplitudes than those of the associated
longitudinal ionic DP. The electronic oscillations are nearly
in phase with those of the ionic DP. This feature is in sharp
contrast with the MC results of Zhao et al.?® for 1-Ga at T
=373 K, where their longitudinal ionic and valence elec-
tronic DPs clearly stood in a nearly perfect opposite phase.
This feature was then rationalized in terms of a competition
between the valence electronic kinetic energy contribution,
which takes smaller values by a damping of the oscillations,
and the interaction term between electrons and ions (mainly
its Coulombic part). However, this explanation has recently
been questioned and, based on ab initio results for several
liquid metals, a different cause has been proposed.*! Specifi-
cally it hinges on the interplay between the width (o) of the
pseudoatomic valence density and the separation of layers
(\) in the ionic DP. Indeed, three broad groups were identi-
fied: (i) those with a ratio of 0.62=¢/\=0.64, where the
ionic and electronic DPs oscillated in the opposite phase
(i.e., the alkalis), (ii) those with 0.44 =< ¢/\=0.47 had ionic
and electronic DPs nearly in phase (i.e., Tl and Si), and (iii)
those with 0.55=0¢/X=0.59 which showed an intermediate
behavior (i.e., Mg, Ba, and Al). Now, for the 1-Ga states
considered here, we obtain o/\=0.462, 0.456, and 0.444 for
T=373, 523, and 959 K, which unequivocally allocates them
within the group where the ionic and electronic DPs stand
nearly in phase.

From the previous longitudinal ionic DP, we have con-
structed the corresponding longitudinal total electronic DP;
namely, pZ(z). It was made by adding the self-consistent OF-
AIMD valence electronic density profile and the total core
electronic density profile. This latter one was calculated by
superposing the core electronic density at the ionic sites,
which had previously been derived by the KS-DFT-type cal-
culation made to obtain the associated ionic local
pseudopotential.'® Since the core densities are rather narrow,
their superposition gives a profile in phase with the ionic DP.
Moreover, as Ga has 28 core and 3 valence electrons, the
addition of the core and valence electronic densities leads to
a total electronic DP whose phase practically coincides with
that of the ionic DP, as can be observed in Fig. 9.

The experimental analysis of the LV interface is usually
performed by XR and/or grazing incidence x-ray diffraction
techniques which, in fact, probe the total electronic density
distribution. In the XR technique, x-rays of wavelength A\
incident upon the liquid surface at an angle « are scattered at
the same angle within the reflection plane defined by the
incident beam and the surface normal. The reflected intensity
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FIG. 9. Total electronic density profile (core plus valence) nor-
malized to the slab’s bulk value (thick continuous line). The dotted-
dashed and dashed lines correspond to the valence (multiplied by a
factor of ten) and core total electronic density profiles, respectively.

R(q.) is directly related'”! to the intrinsic (i.e., in the ab-
sence of capillary wave smearing) surface-normal (longitu-
dinal) total (core plus valence) electronic density profile

pz:,im(z)’
R(q.)/RHq.) = |®i(q.)]* exp(= 07q0), (11)

where g.=(4m/N\)sin @ is the momentum transfer perpen-
dicular to the interface, Rx(g.) is the Fresnel reflectivity of a
perfectly sharp step-function interface, and ®;,(q,) is the
intrinsic surface structure factor defined as

L (" (dpim@)
(Dint(‘h) =7 ; exp(”]zz)dz, (12)
Peod —o 9z

where peT8 is the bulk total electron density. The term
)
4

exp(-07q>) in Eq. (11) purports to account for the effects on
R(q.) of the thermally excited capillary waves, with .. being
interpreted as an effective capillary wave roughness. We also
recall that Eq. (11) holds for ¢, larger than about four times
the critical wave vector ¢, for total external reflection
(g,~0.0483 A~! for -Ga).

The total electron density profile that we obtain within the
OF-AIMD simulations is, however, not the intrinsic profile
because it includes some thermal fluctuations of the surface,
as dictated by the temperature and the dimensions of the
simulation box. Therefore, in order to compare our results
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with the experimental ones, we have to take these effects into
account. We will follow a kind of analysis similar to that
taken up by the experimental group. They measured the re-
flectivity at several temperatures in the range from 295 to
443 K and analyzed the results in terms of the “distorted
crystalline model,” supplemented by a damping term that
accounts for surface roughness. This leads to a convolution
of the assumed intrinsic profile with a Gaussian function
exp[—z>/(207)] [which upon FT leads to the exponential
term in Eq. (11)]. After the corresponding fit to the measured
data, they found that a'f varies linearly with temperature, but
takes a nonzero value in the limit 7=0 K. Therefore, they
proposed that two terms contribute to of, an intrinsic term,
0‘(2), which is independent of the temperature, and another

term that varies linearly with 7, o%w, so that

o= 0p+ 0o, (13)

In particular, the value for o, obtained from the fits is
0.37 A. While the origin of this first (intrinsic) term is not
clear, the second term is easy to rationalize in terms of ther-
mally excited capillary waves, taking on the expression

kgT .
ofW:Lln(@>, (14)
2777 4'min

where kp is Boltzmann’s constant and vy is the surface ten-
sion. The short and long wave vector cutoffs, ¢, and gpin,
are determined by the ionic diameter and the instrumental
resolution, respectively. Specifically, the values used in the
analysis of the experimental data®® were @p.=m/d
=1.26 A~! (d is the ionic diameter) and ¢,,,=0.0064 A~

Coming back to the analysis of the OF-AIMD results, we
note that a possible measure of the surface roughness is
given by the width of the last layer in the total electronic
density profile p({(z). In fact, this is exactly o-f in the dis-
torted crystalline model. Several ways to quantify this width
are available (half-width at half height, standard deviation,
etc.) out of which we have selected the standard deviation,
although different procedures only slightly change the final
value (for instance, at 373 K, the widths are 0.50 A in the
case of using the half-width at half height and 0.48 A for the
standard deviation). We have then calculated these widths of
the last layer of p(z) for T=373 and 523 K, and extrapolated
the results to zero temperature in order to obtain the intrinsic
contribution to surface roughness, O'SF =0.44 A, a value
somewhat larger than the experimental one. The capillary
wave term in the surface roughness has to be considered
carefully in order to make a meaningful comparison between
the reflectivity curves obtained from simulation and experi-
ment. The reason is that while the value of g2 in Eq. (14) is
dictated by instrumental resolution in the experimental case,
in the simulations it is dictated by the transverse area (L?) of
the simulation box, ¢°F =/L, and this value is far greater
than the experimental one. Therefore, the value of the capil-
lary wave contribution to surface roughness o, is smaller in
the simulation than in the experiment (oOF <o=P') and we

w
have to take this difference into account in the comparison.
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R(q,)/Ri(q,)

q, A

FIG. 10. Fresnel normalized reflectivity curves of liquid Ga.
Full circles and triangles: Experimental results (Refs. 19 and 20) at
T=360 and 397 K, respectively. Continuous, dashed, dotted, dotted-
dashed, and double dotted-dashed lines: OF-AIMD results for T
=373 K using intrinsic surface roughness O'OOF=0.6O, 0.55, 0.50,
0.48, and 0.44 A, respectively.

In practice, this translates into the following procedure:
first the total electron density profile p/(z) is obtained from
the OF-AIMD simulation, then the surface structure factor,

© T
d(g,) = LT (&pe—&)>e><p(iqzz)dz, (15)
Peo J — 9z

is computed. Its squared module already contains the capil-
lary waves implicit in the simulation, so the final reflectivity
is computed as

R(q,)
RF(‘]Z)

where Aa’?w:(crixwp‘)z—(ogf)z, i.e., from the total capillary
damping, we substract that already present in the simulation.

Figure 10 shows the calculated OF-AIMD results for
R(q.)/Ri(q,) at T=373 K, obtained using*’ y=0.710 N/m,
along with the experimental data at 360 and 397 K. There is
qualitative agreement with experiment and the peak’s posi-
tion is correctly given although its height is overestimated.
Nevertheless, we emphasize the extreme sensitivity of the
calculated R(g,)/R(q,) to the values used for the intrinsic
contribution; specifically, we have again calculated the OF-
AIMD results for R(g,)/Rp(q.) with o9¥=0.48, 0.50, 0.55,
and 0.60 A. Now, as shown in Fig. 10, the results obtained
show a better agreement with experiment along the whole ¢,
range, with the position and magnitude of both the minimum
and the peak being reasonably reproduced.

The origin of the intrinsic contribution is not yet clear
although it has been related to the finite atomic size; how-
ever, its role seems essential in order to properly describe the
experimental R(q.)/R(q.) curves. In the present OF-AIMD
calculations at 7=373 K, the contribution of the (Ig term to
the total value of o> [see Eq. (13)] was ~24%, whereas in
the distorted crystalline model used to fit the experimental
data,'®? the corresponding contribution of the o7 term was
somewhat smaller, =18%.

= |®(q.)Pexpl- ((05")* +A0z,)g7],  (16)
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R(q,/R(q)

FIG. 11. Fresnel normalized reflectivity curves of liquid Ga.
Full circles: experimental results (Ref. 20) at T7=443 K. Continu-
ous, dashed, and dotted lines: calculated OF-AIMD results for 7
=373, 523, and 959 K, respectively.

The calculated OF-AIMD results for the R(g.)/Rp(q.) at
T=523 and 959 K are depicted in Fig. 11. As already men-
tioned, we took 0y=0.44 A, whereas the 0= term was cal-
culated by using the same ¢y, and gob as in the experimen-
tal setup, while the corresponding ¢°& was obtained from the
simulation box. For the surface tension, we have taken the
experimental values® y=0.700 and 0.675 N/m for T=523
and 959 K, respectively. Table IV shows the values used for
both o, =P, and oOF at the three thermodynamic states.
According to Fig. 11, when the temperature increases, the
peak’s height is substantially reduced, and at 7=959 K, the
peak has already vanished. Indeed, the experimental
R(q.)/Rp(q.) curves for the range of 293-433 K have shown
that as the temperature was increased the peak’s height
quickly reduced although its width remained practically un-
changed. This dampening of the peak’s height comes as a
consequence of the capillary waves, which become stronger
with increasing temperature.

As evidenced in Fig. 11, the OF-AIMD calculations for
T=523 K give a value of =0.80 for the peak’s height, which
is fairly close to the value of =0.70 = 0.05 derived from an
extrapolation of the experimental data. Finally, concerning
the peak’s width, we have calculated the variance of the
curves associated with the peaks at 7=373 and 523 K and we
obtained the values of 0.22 and 0.24, respectively. This small
variation is in partial agreement with the experimental obser-
vation, based on the temperature range of 293-433 K, where
the peak’s width remained practically unchanged with in-
creasing temperature.

TABLE IV. Values (in A) of the effective capillary roughness o
and its two contributions o and oS>, We have also included the

: : : OF
simulation capillary wave roughness o,

T
(K) o, o oo Ton
373 0.896 0.44 0.78 0.52
523 1.03 0.44 0.93 0.63
959 1.35 0.44 1.28 0.88
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V. CONCLUSIONS

We have reported results of MD simulations for several
bulk properties as well as the liquid-vapor interface of 1-Ga
at three thermodynamic states along the coexistence curve.
The simulations have been performed using the orbital-free
ab initio molecular dynamics method combined with a first-
principles local pseudopotential constructed within the same
framework. The method calculates the electronic structure
and its influence on the forces among the ions at each step of
the dynamics. Therefore, the substantial variations in elec-
tron density associated with the liquid-vapor interface are
accounted for in the forces, allowing a reliable study of the
interfaces.

Concerning bulk 1-Ga, the results obtained for the static
structure are comparable to those obtained by previous KS-
AIMD calculations”® and, more importantly, they are in rea-
sonable agreement with the available experimental data.’!”
A similar level of agreement with experiment is also
achieved for the dynamic properties which, on the other
hand, show the typical features of simple liquid metals, such
as (i) an oscillatory behavior of the intermediate scattering
functions at low-g values, (ii) collective density excitations
in the dynamic structure factors up to ¢=(3/5)g,, and (iii)
shear modes in the transverse current correlation function.

Additional simulations were also performed for the
liquid-vapor interface of 1-Ga at those thermodynamic states.
The calculations used slabs wide enough so as to rule out
possible interference effects between the two free surfaces,
and are placed in supercells which are large enough to dis-
regard slab-slab interactions.

The calculated ionic density profiles show marked oscil-
lations lasting for several layers, although with increasing
temperature both the range and amplitude of the oscillations
are reduced. The relative amplitudes as well as the wave-
lengths of the oscillations agree with the experimental data.
The self-consistent valence electronic density profiles also
exhibit clear oscillations, which are practically in phase with
the ionic ones. This is in contrast with previous studies, and
we provide a rationale based on the interplay between the
width of the atomic valence density and that of the ionic
layers. Parenthetically, this explanation has also accounted
for the variety of relative phases between the ionic and va-
lence electronic density profiles obtained for the LV interface
in a wide range of simple liquid metals.*!

From the previous density profiles, we have evaluated the
total electronic density profile (which is the physical magni-
tude probed in the x-ray reflectivity measurements) and
therefrom the associated reflected intensity R(q.). This latter
step involves accounting for the surface roughness o, which
appears in the form of a Debye-Waller-type factor [see Eq.
(11)]. o, has two contributions, including the capillary wave
term and an intrinsic one o, whose origin is not yet clear.
Given its interpretation as a measure of the width of the outer
layer in the intrinsic total electronic density profile pz’im(z),
we have estimated it as an extrapolation from the OF-AIMD
results at 7=373 and 523 K to 0 K.

On the other hand, improvements can also be made in the
calculation of o,,. Specifically, the present study has used
the experimental value for the surface tension 7y in Eq. (14),
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but a more consistent approach would require one to include
a value calculated within the same OF-AIMD scheme. In-
deed, this is not a minor point; for instance, at 7=373 K, a
reduction of y by a mere 15% results in a decrease in the
reflectivity peak’s height by 30%.

In any case, we stress the remarkable sensitivity of the
calculated R(g,)/Rp(q.) curves to the value of the o in Eq.
(11). However, at the very least, the calculated OF-AIMD
curves plotted in Fig. 10 show that by choosing an appropri-
ate value for o, it is possible to achieve a very good descrip-

PHYSICAL REVIEW B 77, 064202 (2008)

tion of the whole experimental curve over the whole ¢,
range. Therefore, it appears that further improvements may
come from a more thorough investigation into the contribu-
tions to o..
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