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Density functional/molecular dynamics simulations have been performed on liquid antimony (588
atoms and six temperatures between 600 K and 1300 K) and on neutral Sb clusters with up to 14 atoms.
We study structural patterns (coordination numbers, bond angles, and ring patterns, structure fac-
tors, pair distribution functions) and dynamical properties (vibration frequencies, diffusion constants,
power spectra, dynamical structure factors, viscosity) and compare with available experimental results
and with the results of our previous simulations on Bi. Three short covalent bonds characteristic of
pnictogens are common in the clusters, and higher temperatures lead in the liquid to broader bond
angle distributions, larger total cavity volumes, and weaker correlations between neighboring bond
lengths. There are clear similarities between the properties of Sb and Bi aggregates. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4983219]

l. INTRODUCTION

The structures and other properties of group 15 elements
(pnictogens, valence configuration ns>np?) have aroused inter-
est for many years.! The heavier members of the group (P, As,
Sb, and Bi) have numerous crystalline forms, most showing
a preference for threefold coordination and bond angles near
60° and 90°. The A7 structure (rhombohedral, R3m, Dg d) is
the most stable (a-)form of the semimetals As, Sb, and Bi.
It comprises puckered layers of atoms with bonds of equal
length r, to three neighbors, as well as bonds of length 4
to three atoms in the next layer. Table I shows that the ratio
rq/re decreases with increasing atomic number, which is simi-
lar to the effect also found in group 16 elements (S, Se, Te, Po)
for the ratio of “interchain” to “intrachain” distances.®’ Apart
from a scaling factor, the structures of Sb and Bi are remark-
ably similar. In phosphorus, the black (orthorhombic) allotrope
can be converted under pressure to the A7 structure and—
at much higher pressures—to a simple cubic metallic form.?
Elements P to Bi can all be made superconducting by the appli-
cation of pressure,® which usually results in a structural phase
change.

Group 15 elements also play an important role in the
rapidly growing field of topological phase transitions, where
gapless surface or edge states are protected against perturba-
tions that do not close the band gap. Topologically protected
spin states could possibly lead to interesting electronic devices,
and studies of layer structures related to the A7 bulk structure
of group 15 elements include work on black P layers (phos-
phorene),’ As monolayers,'? layered crystalline (antimonene)
phases,!! the Sb(111) surface,'? and a Bi(111) bilayer.!?
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A variety of structural patterns and other properties have
made group 15 elements attractive objects of study for many
years,'*"1¢ and unusual features in the P — T phase diagrams
include liquid-liquid phase transitions at high 7 and P.'"-%2
High pressures suppress the simple cubic to A7 transition in
P, As, and Sb,? and inelastic neutron scattering (INS) mea-
surements of the dynamical structure factor S(g,w) near the
melting point of Bi show evidence of collective density exci-
tations.>*2% In liquid Sb, both the change in the slope of
the temperature dependence of the electrical resistivity o(7T)
around 1000 K27 and the unusual maximum in the sound veloc-
ity at 1168 K280 suggest structural changes, and neutron
scattering studies of the static structure factor and pair dis-
tribution function have been carried out.”>3! Liquid Sb is a
favored component of the positive electrode in liquid metal
batteries being developed for grid-level energy storage.”

Simulations of liquid pnictogens include tight-binding
Monte Carlo studies of As and Sb by Bichara et al.*} and
on Sb and Bi by Hafner and Jank,>* who performed molecular
dynamics on samples with up to 2000 atoms using an effective
pair potential. DF/MD simulations of liquid As were carried
out by Li (64 atoms, 1150 K, 0.3 ps after equilibration),®
and the first such simulation of liquid Sb was performed by
Seifert et al.,>® on a 64-atom sample over 8.1 ps at 1073 K.
The crystallization of liquid Sb in the presence of crystalline
Sb templates was studied in 144 atom samples at 600 K.3

In 1934, Jones?3? explained the high diamagnetism, low
(semimetallic) conductivity, and structure of bismuth as a
distortion of a simple cubic structure brought about by the
existence of a large (Jones) zone containing five valence elec-
trons per atom. This work provides a natural explanation of
the A7 crystalline structure of As, Sb, and Bi but has largely
been overlooked. Peierls*” discussed the same mechanism
in one dimension more than 20 years later, and the “Peierls

Published by AIP Publishing.
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TABLE L. A7 crystal structure (R3m, Dg ;) of group 15 elements at room
temperature: high-pressure P, @-As, @-Sb, @-Bi, intralayer bond length rg,
interlayer separation rq, intralayer bond angle (ayp).

P? a-As? a-Sb° a-Bid
re (A) 2.13 2.517 2.908 3.072
ra (A) 3.27 3.120 3.355 3.529
ra/re 1.535 1.240 1.154 1.149
ap (deg) 105.0 96.6 95.6 95.5

2Reference 2.
bReference 3.
“Reference 4.
dReference 5.

distortion”*! has often been invoked in discussions of the struc-
tures of group 15 liquids, all of which are characterized by a
short-range order similar to that of the A7 structure.** An anal-
ysis of the pair distribution function [PDF, g(r)] in liquid P, As,
Sb, and Bi*? indicated that such a distortion is present in all
cases and appears to increase with increasing temperature due
to the larger volume available.*> On the other hand, X-ray
absorption fine structure (XAFS) spectroscopy indicates that
a Peierls distortion is weak in liquid Sb near the melting point
and vanishes around 1000 K as the temperature increases.*

Antimony cluster cations Sb} have been identified mass
spectroscopically to n > 250.*4 There is a clear preference
for n to be a multiple of 4, which has been explained by a
model of packed Sby tetrahedra.** Photoelectron spectra have
been determined for Sb] and Sb (Ref. 47) and for the anions
Sb;, for n=1-4*% and n=2-9.*° Laser induced fluorescence
provides the most detailed information about Sb,,> Raman
spectra of the dimer and tetramer have been measured in neon
matrices,’! and the equilibrium dissociation energies of Sby,
Sbs, and Sbs have been measured in the gas phase.52 Calcu-
lations using correlated wave functions have been performed
on Sb2,53'54 Sb3,55’56 and Sb4,57 but DF methods have been
favored for larger clusters. They include Sb;, (n=2-9),* Sb,
(n=2-8, 12),°% and Sb,, (n=2-10).>°

The structures of group 15 elements have been studied in
our group for many years. Clusters of phosphorus were among
the first where unexpected structures were found using simu-
lated annealing,éo’61 and calculations on clusters of P and As%?
showed that improved cohesive energies resulted when a gra-
dient corrected form® of the exchange-correlation energy was
used. The polymerization of a liquid comprising P4 molecules
to a disordered network® was one of the first phase transitions
simulated using density functional (DF)®> molecular dynamics
(MD) methods. Ballone and Jones®® studied the liquid-liquid
phase transition in a 4000-atom sample of P using a classi-
cal force field with parameters fit to an extensive set of DF
calculations on phosphorus clusters. Most recently, we per-
formed DF/MD simulations on liquid Bi at four temperatures
between 573 K and 1023 K.%7-%% These simulations provided
much information on the structure and dynamics of liquid Bi,
including collective excitations, and also of Bi, clusters with
n<14.5

We present here the results of DF calculations of the
structures and energies of Sb, clusters up to n=14 and
compare where possible with other calculations (DF and
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correlated wave functions) and with the experiment. We also
describe extensive DF/MD simulations of liquid Sb (melt-
ing point 903.8 K) at six temperatures between 600 K and
1300 K. The latter forms a part of a continuing study of the
rapid crystallization of liquid Sb.®” We study structural pat-
terns (coordination numbers, bond angles, and ring statistics),
structure factors, pair distribution functions, and dynamical
properties (vibration frequencies, diffusion constants, power
spectra, dynamical structure factors, viscosity) and compare
with available experimental results and the results of our Bi
simulations. We comment on the evidence for Peierls dis-
tortions at different temperatures and the limitations of the
approximate exchange-correlation energy functionals used in
our calculations.

Il. METHODS OF CALCULATION
A. Density functional calculations

The calculations were performed with the CPMD pro-
gram’? using Born-Oppenheimer MD, periodic boundary con-
ditions with a single point (k =0) in the Brillouin zone, and
scalar-relativistic (s-r) Troullier-Martins’' pseudopotentials
(PP) with five valence electrons (5s25p°) and a 20 Ry cut-
off. The exchange-correlation functional of Perdew, Burke,
and Ernzerhof (PBE)’? was used, and non-linear core correc-
tions were included.”® The effect of spin-orbit coupling on
the relative energies of cluster isomers is weak and is dis-
cussed in Sec. IV D. For the liquid samples (588 atoms),
we used the PBEsol approximation,’* and the density cut-
off for calculating the gradient corrections was 1.0 x 107
in all cases. Optimization of the A7 crystal structure using
this functional gave r;=2.924 A, ry=3.547 A, ag=98.4°,
compared with the experimental values (Table I) 2.908 A,
3.355 A, and 95.6°. While the interlayer bond lengths are
described well, the separation between layers is overestimated
by over 5%. Similar discrepancies arose when applying the
PBE functional to Te, the neighbor of Sb in the periodic table.®
However, better results—with substantially higher computa-
tional cost—were obtained in liquid Te (Ref. 6) using the
approximation of Tao et al.”® and in liquid tellurides’® using
an empirical correction for dispersion forces.”” These results
indicate that improved functionals are needed for high pre-
cision calculations, without implying that these particular
modifications (TPSS, dispersion corrections) are individually
essential.

Liquid Sb was simulated at six temperatures in hexago-
nal simulation boxes with parameters given in Table II. The
hexagonal symmetry is compatible with that of bulk Sb, as the
results formed a part of a continuing study of crystallization
of liquid Sb.®” The densities at the melting point and above
were taken from Ref. 78, and those of supercooled samples
were assumed to be the same as at 900 K. The time step was
3.025 fs. The simulations proceeded by successive cooling of
the liquid structure found at 1300 K, with adjustments to the
size of the cell if required. Equilibration was performed over
10 ps at each temperature before data collection (coordinates r;
and velocities v; of all atoms) over the simulation times given
in Table II. The long simulation at 600 K was a part of the
crystallization study mentioned above.
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TABLE II. Parameters for the hexagonal simulation cell. The number of
atoms (588) and the c/a ratio (0.738) are the same in all cases.

T (K) a (A) At. dens. (A™3) Data coll. (ps)
600 30.6390 0.0320 574
700 30.6390 0.0320 108
900 30.6390 0.0320 101
1000 30.7370 0.0317 101
1100 30.8349 0.0314 101
1300 31.0344 0.0308 101

Excellent starting structures for the calculations of Sb,
isomers could be found in most cases by scaling the coordi-
nates of structures found for Bi,,%” many of which had been
foundin turn forn < 10 by scaling the coordinates of low-lying
structures of P,°*! and locating the nearest energy minimum.
Larger cluster structures were generated by adding atoms to
edges or faces of stable clusters or by combining pairs of
clusters. States with the lowest possible multiplicity are gen-
erally the most stable, but higher multiplicity states have been
checked in most structures with n < 10.

B. Analysis of results

The pair distribution function (PDF) g(r) is the spherically
averaged distribution of interatomic vectors (r; — r;) and can
be determined from the atomic coordinates

1
8 == <Z > 8t — r>> : (1)

i j#i
where p is the atomic number density. The structure factor
S(q) is the Fourier transformation of g(r),

sin(gr)
qr
The local structure is also characterized by the distributions of
the bond angles, the near-neighbor separations, and the ring
structures.”® Cavities were calculated using the pyMolDyn
program®” with cutoff radius 2.8 A.
The frequency distributions (power spectra) of the lig-
uid phases have been calculated from the velocity-velocity
autocorrelation function Cu,

N
Co(t) = le (vi(to) - vi(1)) 7 3)
£ (ui(to) - vilt0)
which was evaluated in a given trajectory for blocks of 20 000
time steps (over 60 ps) with different starting points #y. The
Fourier transform of the average then gives the power spec-
trum. Cluster vibration frequencies were calculated by diago-
nalizing the dynamical matrix, whose elements are found using
finite differences. Calculations using linear response theory
gave results that were typically 1%—2% lower. Vibration fre-
quencies were broadened by a Gaussian of width 1 cm™'. The
diffusion constants D were calculated from the coordinates r;,
(Irio) = riO))

D= lim ——*. 4
tgglo 6t ( )

S(@)=1+p /m dr 4nr? [g(r) — 1] 2)
0

The dynamical structure factor S(g, w) is determined from
the current autocorrelation functions as described in detail
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in Ref. 68. The shear viscosity 1 couples to the transverse
momentum and can be calculated from the transverse current
autocorrelation function and its Laplace transform. Extrapo-
lation to g =0 is carried out using an equation suggested by
Alley and Alder based on a hydrodynamic model®!

_n
1+a2q%°

n(g) = ®)
where 7 is the shear viscosity and a is an adjustable parameter.
Full details are provided in Ref. 68.

A simple connection between viscosity 1 and diffu-
sion constant or diffusivity D is the Stokes-Einstein rela-
tionship (SER)®>%3 derived for the diffusion of uncorrelated
macroscopic spheres in a liquid,

D(T)n(T) = fl , (6)
cnd
where d is an effective diameter of a sphere, and c is a constant
that depends on the boundary conditions between the particle
and fluid (slip: ¢ =2, stick: ¢=3). The SER can be applied to
the diffusion of single atoms or molecules at high temperatures
and for predictions if one of these quantities is unknown.

lll. LIQUID ANTIMONY

A. Structure factor, pair distribution function,
and near-neighbor separations

A representative snapshot of the liquid at 900 K is shown
in Fig. 1, and in Fig. 2 we show the PDF and structure factors
S(g) for the liquid at 900 K, 1000 K, 1100 K, and 1300 K.
Also shown are the experimental (ND) results of Greenberg
et al.*® Although the temperatures of the two sets of data are
not identical, the agreement between theory and experiment
is encouraging. The calculations reproduce the main features
of the experiments very well, including the existence of a
weak shoulder in S(g) on the high-g side of the first peak.
Nevertheless, the details of this shoulder are less satisfactory,
particularly at 900 K. We note that the experimental data for
923 K are slightly less precise than those at the other three tem-
peratures, for which the background scattering was determined
directly without interpolation.3*

The distribution of separations of up to the 12 nearest
neighbors [Fig. 3] shows interesting features. While bonds to
the more distant neighbors expand steadily as the tempera-
ture increases, there is little change in the distance to the first
three neighbors. The maxima of the nearest-neighbor distribu-
tions at all temperatures (~2.83 A) are slightly shorter than the

FIG. 1. Snapshot of liquid Sb at 900 K. Cavities are shown in blue.
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1373 K

1173 K

1100 K

973 K

923 K |
900 K

Distance [A]

alA]

FIG. 2. (a) Pair distribution functions for liquid Sb at the temperatures shown.
Black: present calculations and red: neutron scattering data (Ref. 30). The
vertical line is for distance 3.7 A. (b) Corresponding structure factors. Curves
are offset to improve clarity and reflect the different temperatures.

nearest-neighbor separation in crystalline Sb (2.908 A). Dis-
tributions 4—6 are still below 3.7 A and show a smaller shift
and narrower distributions than more distant neighbors (7-12),
which is reminiscent of the situation in Bi.

To avoid ambiguities arising from the relatively broad
first peak in the PDF, we have employed the effective coor-
dination number ECN,% where the average value of bond
distances is calculated iteratively for each atom and the bonds
are weighted accordingly. The calculated ECN-values at 600,
700, 900, 1000, 1100, and 1300 K are 4.87, 5.13, 5.31, 5.26,
5.19, and 5.05, respectively. To reproduce these values by inte-
grating g(r), the corresponding cutoff distances are 3.13, 3.21,
3.27,3.29, 3.23, and 3.20 A. The overall picture is approxi-
mately fivefold coordination with a weak maximum near the
melting point.

B. Bond angle distributions

The bond angle distributions [Fig. 4] were determined
with a cutoff of 3.0 A, which means that long bonds are
excluded, and they show a preference for octahedral orienta-
tion at lower temperatures (bond angles around 90° and nearly

J. Chem. Phys. 146, 194502 (2017)
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FIG. 3. Near-neighbor distributions in liquid Sb at 600 K. Below are shown
the average distances of each neighbor at all simulation temperatures.

linear configurations). The distributions become weaker and
broader as the temperature is increased, while triangular con-
figurations (~60°) become more important. The bond angle
distributions are discussed further in Sec. V.

C. Rings and cavities

Rings and cavities are analyzed as described above
(Sec. II B). Simulations of hundreds of atoms are needed
to avoid distortions caused by periodic boundary conditions.

I I
— 600K
— 700K
— 900K
— 1000 K
— 1100K
1300 K

Weight [arbitrary unit]

| l | | | | | |
0 20 40 60 80 100 120 140 160 180

Bond angle [deg]

FIG. 4. Bond angle distributions at all temperatures.
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5 6 7 8 9
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FIG. 5. Ring distributions in liquid Sb at six temperatures.

The distribution of rings (closed paths along bonds) is shown
in Fig. 5 for all six temperatures (cutoff 3.0 A). Rings with
three or four atoms are common, and there is more weight for
larger rings at a higher temperature. These changes reflect the
reduced coordination and atomic density at high 7. The super-
cooled sample at 600 K shows an increased weight of five- and
six-fold rings. The latter become the main structural motif in
crystalline Sb and are likely to play an important role in the
crystallization of the liquid.®¢

Cavity analysis was performed with the pyMolDyn pro-
gram®” using a sphere radius of 2.8 A. The differences between
the temperatures are significant, but less pronounced than in
Bi. The total cavity volumes increase from 3.9% at 600 K to
10.1% at 1300 K, consistent with the lower densities mea-
sured at higher temperatures.”® As in liquid Bi, this change
is reflected in the shift of the near-neighbor distributions 7—12
(Fig. 3), corresponding to distances on the second coordination
shell.

D. Vibrations, diffusion

The power spectra (vibrational densities of states) are
shown in Fig. 6 for liquid Sb at all six temperatures. There
is a broad peak at 12—-16 meV that moves to lower frequencies
as the temperature is increased. These frequencies are in the
range found in optical phonons in crystalline Sb%” and a second
peak (~2 meV) at 600 and 700 K. The tail of the distribution
above ~18 meV arises from bond stretching modes that are
also apparent in Sb,, clusters (see Sec. IV C).

We have used the TwoPT program®® to separate the power
spectra into contributions from diffusive (gaslike, g) and vibra-
tional (solid, s) modes. The result is shown in Fig. 7. This
program allows us to determine the value of the diffusion con-
stant, and the results (Dy,) show very good agreement with
values D calculated from Eq. (4) (see Table III). Diffusion
constants measured by radioactive tracer diffusion in liquid
Sb are (units of 107 cm?/s) 5.81 = 0.47 at 955 K, 6.46 + 0.55
at 1001 K, 8.68+1.17 at 1185 K, and 10.95+0.68 at 1302 K.
Our results agree well at 1300 K and somewhat underestimate
the measured values at lower temperatures, although the error
bars in the latter are substantial.

J. Chem. Phys. 146, 194502 (2017)
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FIG. 6. Calculated power spectra for liquid Sb at six temperatures. Each curve
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E. Dynamical structure factor, collective dynamics

The dynamical structure factors S(g, w) for selected g val-
ues were calculated from the MD trajectories at 600-1300 K,
and the ratios to the static structure factors S(g) are given in
Fig. SF1 of the supplementary material for selected values of
q. We show results obtained directly from the trajectories as
well as those using a Gaussian window function (o~ =3 meV)
to reduce numerical noise.
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FIG. 7. Power spectra (states per meV) for liquid Sb, separated into diffusive
(gaslike) and vibrational (solid-like) modes.
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TABLE 1II. Self-diffusion constants (10™> cm?/s) of Sb at temperatures 7
(K). D: calculated from trajectory using Eq. (4) and Dyg: calculated using
TwoPT program (Ref. 88). Also shown are sound velocities ¢ (m/s) and shear
viscosities 77 (mPa s).

T 600 700 900 1000 1100 1300
D 0525 1514 4106 5160 6665  10.459
Dy, 0542 1.696 4244 5176 6621 10257
¢ 2520 2464 2506 2460 2461 2312
n 1.53 1.09 0.99 0.74
7 (expt.)* 1.43 1.19 1.03 0.81

4Reference 78.

The dispersion relations obtained from the peaks of the
longitudinal current correlation function Cr(q,w) are shown
for T=900 K in Fig. 8. For a given value of ¢, Cr(q,w) can
have more than one maximum, and care is needed in identify-
ing the collective modes. We show the results for all values of g
(red crosses), as well as those using bins in g of width 0.1 A~!.
The results can be summarized as follows. A linear relation-
ship between w and ¢ for the diffusive single-particle modes
below 0.6 A™! is followed by a relatively flat dispersionless
range between 0.7 and 1.6 A~!. This behavior is very similar
to that found in Bi.®® As in Bi, there is a deep minimum near
g=2.0 A, which s close to the reciprocal lattice vector where a
minimum occurs in the phonon spectrum of crystalline Bi.3” A

Energy [meV]
©
e

S
[
E s}
s | 8
<
c 6
w8
4t 8 4
9 m B 900K
5 ® o 1000K ||
> > 1100 K
© o 1300 K
0 L L L n
0 1 2 3 4 5

q[A]

FIG. 8. (a) Longitudinal dispersion curves at 900 K. Red crosses: calculation
and black circles: results using g-bins of width 0.1 A~!. (b) Longitudinal
dispersion curves for liquid Sb (binned) at the temperatures given.
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FIG. 9. Dispersion of longitudinal (upper curves) and transverse (lower
curves) modes at 900, 1000, 1100, and 1300 K.

second, weaker minimum occurs at approximately twice this
wave vector.

The dispersion curves for low values of g are shown in
Fig. 9 for four temperatures. The sound velocities can be cal-
culated from the linear part of the dispersion curves, and linear
fits to the low g values are shown in Fig. 9 as solid lines. The
sound velocities ¢ calculated in this way depend on the num-
ber of fitting points and how the data are averaged. Taking
the origin and g-points up to 0.5 A, we find a sound velocity
at 900 K of 2506 m/s, compared with experimental values at
the melting point (903.8 K, 1910,2%°0 1884 m/s>°). The values
at all temperatures are given in Table III. The low-frequency
(hydrodynamic) value of the sound velocity is then over 20%
lower than the sound velocity determined here. This effect is
known as “positive dispersion” and was also observed in Bi.®
Our fitting procedure leads to considerable uncertainties in the
results, but a maximum in the sound velocity a little above the
melting point remains a possibility.

Side peaks in the calculated Cr(g,w) spectra provide
information about the transverse modes. They have been ana-
lyzed as in the case of Bi®® and are again much weaker than
peaks in the corresponding Cr(g,w). The sound velocities
for the transverse modes are 900 (600 K), 730 (700 K), 430
(900 K), and 360 m/s (1300 K).

F. Viscosity

The calculation of the g-dependent shear viscosity from
the transverse current correlation function is discussed in
Ref. 68. This function is then extrapolated to the limit g — 0
using Eq. (5), and the results are shown for four tempera-
tures in Fig. 10. The calculated shear viscosities are compared
with experimental values’® in Table III. The extrapolated value
depends on the choice of g-points as well as the fit function
(5). We have chosen a cutoff of 3.0 A~! and points in the tail of
1(q) separated by 0.2 A=!. In view of these uncertainties, the
agreement with the experiment is satisfactory. At lower tem-
peratures, 17(q) increases rapidly as ¢ — 0. Since the lowest
q value is fixed by the size of the simulation cell at ~0.24 A‘l,
the extrapolation is no longer reliable.
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FIG. 10. Viscosity calculated from transverse current correlation function for
900, 100, 100, 1300 K. Crosses: calculated values and lines: fits using Eq. (5)
to estimate viscosity at ¢ =0.

The Stokes-Einstein relationship [Eq. (6)] between vis-
cosity n and diffusion constant D was derived for a very simple
model, but it is often satisfied fairly well (within ~20%) for
monatomic liquids. If we assume that the diameter d of an
Sb sphere corresponds to the first peak in the pair distribution
function (3.0 A for all temperatures) and adopt the values of
D determined by the TwoPT program (Table III), we find the
following values of r using the SER: 900 K: 1.63, 1000 K:
1.42, 1100 K: 1.21, 1300 K: 0.77 [1073% cm?/s], somewhat
higher than the measured values of i given above.

G. Electronic structure

The general features of the electronic band structure of
crystalline Sb are well known.”! The three bands near the
Fermi energy arising from atomic 6p-electrons have antibond-
ing, lone-pair, and bonding components and are separated by
~4 eV from two bands at lower energies arising from the
6s-electrons. The Kohn-Sham eigenvalue spectra (electronic
density of states, DOS) for 600, 900, and 1300 K are shown in
Fig. 11. Also shown are the results for a crystalline sample with
the density at 900 K (6.466 g cm™!), which is 3.5% lower than
the density at 300 K. The overall picture shows two broad bands

— Crystal
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Energy [eV]

FIG. 11. Electronic density of states for crystalline Sb and for liquid Sb at
600, 900, and 1300 K. The Fermi energy is zero in each case.
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from the Fermi energy to —5 eV and between —7 and —13 eV.
The density of states shows a very pronounced minimum at the
Fermi energy, which is consistent with its semimetallic nature,
but this minimum is weak or non-existent at the melting point
and above.

IV. ANTIMONY CLUSTERS Sb,

Structures, energies, and vibration frequencies have been
calculated as described in Sec. II A for isomers of Sb,, clusters
up ton=14.

A. Structures

Results of calculations for the dimer Sb, are compared
with the experiment in Table IV. The DF calculations lead
to a consistent picture of bond lengths, and the differences
in the binding energies reflect in part the use of different
approximations for the exchange-correlation energy.

The Sb trimer has two low-lying isosceles triangular (Cy,)
isomers that are Jahn-Teller distortions of the equilateral tri-
angle structure (D3,). The 24, state (@ =64.2°, r; =2.73 A,
ry=2.90 A) is slightly (0.02 eV) more stable than the 2B,
state (@ =56.1°, r1 =2.84 A, ry=2.67 A). Similar structures
and the same ordering were found in the multireference config-
uration interaction (MRCI) calculations of Balasubramanian
et al.? (As, 65.8°, r1=2.76 A; 2By, @ =55.6°, r; =2.90 A,
AE =0.04 eV) and the CCSD(T) calculations of Choi et al.,’°
(A, @=642°, r1=273 A; 2B;, @=56.2°, r;=2.84 A,
AE = —0.05 eV). The linear structure (r =2.58 A) lies 1.74 eV
above the 24, state and has vibration frequencies 29, 168, and
247 cm™L. The most stable tetramer is tetrahedral (74, bond
length 2.86 A). The G, (butterfly) structure of Sby is a familiar
unit in clusters of P and As and lies 1.40 eV higher in energy
than the Ty structure. There are four bonds of length 2.84 A
and one of 2.90 A.

Two low-lying stable isomers of each of Sbs, Sbg, and
Sby are shown in Fig. SF2 (supplementary material). The sta-
bility of the structures comprising the butterfly tetramer with
an additional atom [5(a)], dimer [6(b)], and trimer [7(a)] is
evident. With the exception of the twofold coordinated dimer
atoms (2.65 10\), the bond lengths in these structures lie in a

TABLE IV. Spectroscopic constants of Sby. R-CI: relativistic configuration
interaction and DF: density functional.

re (A) we (em™) Eg (eV)
R-CI* 2.58 259 2.17
R-CI® 2578 240
DF¢ 2.55 276 3.18
DF¢ 2.51 273 3.07
Expt.° 269.25
Expt.f 270.4
Expt.2 2.476 269.623 3.11h

4Reference 53.
bReference 54.
“Reference 59.
dThis work.

®Reference 48.
fReference 51.
gReference 50.
hReference 52.
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narrow range (2.84-2.90 A). The longest bonds occur in the
C4, isomer of Sbs (2.90 A, 2.95 A), where the out-of-plane
atom is fourfold coordinated. As in the case of Biy, the energies
of 7(a) and 7(b) are almost degenerate.

Low-lying isomers of Sbg are shown in Fig. SF3 (supple-
mentary material), and the wedge (C,,) structure is the most
stable. Of particular interest is the relative stability of a pair of
Sby tetrahedra, where there are numerous local minima in the
energy surface. The most stable [0.09 eV above (a)] is found
when faces of the two tetrahedra (bond lengths 2.86 A) are
nearly parallel [8(b)]. The distance between atoms in differ-
ent tetrahedra is 4.2 A, and the bonds in the tetrahedra are
2.87 A. Slightly higher in energy is isomer 8(c), which has a
mirror plane and shorter bonds (3.99 A) between the tetrahe-
dra. The PBE and similar approximations usually overestimate
the strengths of weak bonds between closed shell systems, but
the results demonstrate the importance of “clusters of clusters”
in group 15 elements. Isomers 8(g) (D2, with all bonds close
to 2.87 A) and 8(h) (Oy, cube, bond length 2.93 A) of Sbg
lie 0.43 eV and 0.67 eV, respectively, above the most stable
isomer.

Two low-lying isomers of each of Sbg to Sby4 are shown
in Figs. SF4 and SF5 in the supplementary material. Many
structures can be derived from smaller clusters by adding units
with one to four atoms, and structures with higher symmetry,
e.g., Coj in Sbyg, Sbyq, and Sby,, are favored over their lower
symmetry counterparts (Cs). The structures found in larger
clusters indicate a preferred direction of growth reminiscent of
tube-like structures found in monoclinic phosphorus.! Further
remarks on bonding trends are given in Sec. IV D.

B. Cohesive energies

In Fig. 12 we show the calculated binding energies per
atom (cohesive energy E.), as well as the DF results of Ref. 59.

26 T
o5k i
24 >
23
22
2.1
20
19"

Cohesive energy (eV)

1.8
1.7+
161

15 .

P I I S B L TR S
0 2 4 6 8 10 12 14 16

n

FIG. 12. Cohesive energies of Sb,, clusters. Present work: red circles, DF
calculations (Ref. 59): green triangles, experiment (Sby, Sbs, Sbys, Ref. 52):
black crosses. The measured cohesive energy of bulk Sb is 2.74 eV/atom
(Ref. 92).
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The variation of E. with the cluster size follows the pat-
tern found in phosphorus clusters: a general increase with a
clear odd-even alternation, and there is reasonable agreement
between the two sets of results. Experimental values for Sb,,
Sbs, and Sb;? agree well with our calculations. The measured
enthalpy of vaporization in bulk Sb is 2.74 + 0.02 eV.”> The
relatively slow variation of E; withn > 6 indicates that assem-
blies of small clusters, such as isomer 8(b), can have similar
energies to more compact clusters with the same total number
of atoms.

C. Vibration frequencies

Vibration frequencies for representative isomers of Sb,
clusters are shown in Fig. SF6 (supplementary material). Pre-
vious vibration frequency calculations for Sb,, clusters with
n > 2 appear to be limited to the trimer.’® While the results
depend on the choice of the basis set and effective core poten-
tial, the results compare reasonably well with ours. In the A,
state, the present calculations give 114, 152, and 230 cm™!,
compared with 149 and 229 cm™' with CCSD(T) calcula-
tions.”® Our calculations for linear Sbs give frequencies of
134, 174 (3), and 234 cm™! (2). With the exception of Sby,
there are few measurements of vibration frequencies in Sb,
clusters. Bondybey, Schwartz, and Griffiths*! found 179 and
241 cm~! for the Raman active modes of Sby in a neon matrix.
These compare with the finite difference results in the present
work (all modes) of 134, 174, and 235 cm™ .

D. Trends in structures and other cluster properties

The structures of clusters of different group 15 elements
show pronounced similarities, and appropriate scaling of the
coordinates for one element is a reliable way of generating
starting structures for another. The smallest clusters show a
growth pattern based on the C,, (butterfly) isomer of the
tetramer, followed by a pattern of disordered pentagonal units
for n="7 and tube-like formation in the largest clusters con-
sidered here. Most atoms are threefold coordinated, and bond
lengths close to the nearest-neighbor separation in the bulk
(2.908 A) are common. Two- and four-fold coordinated atoms
have bonds that are shorter and longer, respectively, than this
value. Bond angles in the range 80°-110° are common, but
triangular structures and bond angles near 60° do not occur in
the A7 structure of Sb (@ ~ 95.5°). Clusters studied here are
clearly far from “bulklike.”

The cohesive energies (Fig. 12) show very good agree-
ment with available measured values (n=2, 3, 4).>> While
there are signs of saturation with increasing n, the calculated
value for Sby4 is lower than the experimental estimate of the
bulk.”> The odd-even variation with n is more pronounced
than in group 16 elements sulfur®® and tellurium’ and is a
direct consequence of the odd number of valence electrons
in atoms of group 15 elements. The trends in cohesive ener-
gies are very similar to those found in Ref. 59. The DF/MD
calculations of Sundararajan and Kumar>® used the local den-
sity approximation for the exchange and correlation energies
without spin corrections and led to large overestimates of the
binding energies.

The overall similarity in the structures of clusters of group
15 elements does not imply that the relative energies of isomers
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of a given cluster size are the same. The bonding in Sb and Bi
clusters is weaker than in P clusters, and the range of isomer
energies is smaller. The energy difference between isomers
8(a) and 8(g) in Fig. SF3 (supplementary material) is 0.47 eV
in Biand 0.67 eV in Sb, but over 1.7 eV in P. The P4(T ;)-dimer
is the most stable form of Pg, while in Bi and Sb it is ~0.1 eV
less stable than 8(a).

The vibration frequencies (Fig. SF6, supplementary
material) cover the range of phonon frequencies measured in
crystalline Sb (up to ~73, 115-160 cm™!).87 Inelastic neutron
scattering measurements on polycrystalline Sb* also show
peaks around 60 and 150 cm™!,°* and ¢=0 Raman spectra
show vibrations at 154.6 cm™! (A1g, LO) and 116 cm™! (Eg,
TO).% Twofold coordinated atoms in the clusters have higher
frequencies, and the Sb4(7;)-dimer frequencies are related to
those of Sb4(T'y), supplemented by low-frequency vibrations
corresponding to the weak bonds between the groups.

Relativistic effects’® must be included in calculations
involving heavy elements, and our scalar-relativistic pseu-
dopotential for Sb includes the average of spin-orbit com-
ponents, as in the case of Bi.5 The stabilization of the 6p°
(*S3,) atomic ground state by SOC is large in Bi, where the
cohesive energies of Bi, clusters are lowered almost uniformly
by between 0.4 and 0.5 eV/atom,®’ but the effect of SOC in Sby
and Sby is much weaker.”” The VASP program”® was used with
the PBE functional, a projected augmented wave (PAW) pseu-
dopotential for Sb with 15 valence electrons, and an energy
cutoff of 500 eV. There is a significant lowering of total energy
of the clusters and the constituent atoms, but the cohesive
energies in the dimer and tetramers are changed by less than
0.1 eV/atom.

V. DISCUSSION AND CONCLUDING REMARKS

Combined density functional/molecular dynamics calcu-
lations have been performed on neutral Sb,, clusters (n =2-14)
and on liquid Sb at 600, 700, 900, 1000, 1100, and 1300 K with
588 atoms in the simulation cell. They are the most extensive
DF simulations performed to date on these systems, and we
have focused on the structures and dynamical properties.

Antimony clusters show similar structural patterns
(including coordination numbers, bond angles, ring patterns,
...) to those found in clusters of other group 15 elements.
While these patterns are particularly evident in bulk allotropes
of P, this is less so in Sb and Bi, where the most stable (rhombo-
hedral) form is a modest distortion of a simple cubic structure
comprising threefold coordinated atoms.**-° The energy dif-
ferences between different isomers, and the energy barriers
between them are less in Sb,, and Bi,, clusters than in the cor-
responding clusters of P and As. The structural patterns in the
liquid and cluster phases of Sb and Bi are more similar to each
other than to the crystalline A7 structures, and the structural
variety in Sb clusters is reflected in the range of vibration fre-
quencies up to ~200 cm™!. The power spectrum of the liquid
shows a broad peak near 130 cm™! at all temperatures, as well
as a weaker peak near 40 cm™! at lower temperatures.

Extensive elastic ND measurements have been performed
on liquid Sb,*® and the present calculations of the static
structure factors S(g) agree satisfactorily with these data. We
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are not aware of any inelastic scattering measurements of
the dynamical structure factor S(g,w), but our calculations
of S(¢, w) and related quantities show clearly the presence of
collective excitations. The low-g dispersion of these modes
shows a sound velocity at 900 K of 2580 m/s, which is more
than 20% higher than the adiabatic sound velocity measured at
the melting point (1910,7%%° 1884 m/s*°). We would welcome
experimental studies of these collective modes, as performed
in Bi using inelastic ND? and x-ray scattering methods.?®

The shear viscosity 77(g) has been determined from the
transverse current correlation function Cr(g, t), and the value
of 7(0) has been determined by extrapolation ¢ — 0. The
result of the extrapolation depends on the number and distri-
bution of g-points, but the viscosity decreases with increas-
ing temperature in reasonable accord with the experiment.
The Stokes-Einstein relationship between viscosity n and
diffusivity D is satisfied to within 15%.

Monte Carlo calculations in liquid As** showed a strong
preference for near-linear trimer structures with alternating
short and long bonds. This feature is a possible marker of
a Peierls distortion and is absent in the corresponding cal-
culations of liquid Sb.** This finding is consistent with the
contour plots of the angular limited bond-bond correlation
function found in XAFS measurements*> and in the present
work (Fig. 13), which show few signs of alternating bonds
at the melting point and above. The bond angle distributions
(Fig. 4) show no preference for linear trimers, and they show
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FIG. 13. Correlations between bond lengths r; and r, of three neighboring
atoms with bond angle between 165° and 180°. The analysis covered the last
10 000 steps of each trajectory, and the cutoff for neighbors was 4.0 A.


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-019719
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-019719
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-019719

194502-10 Jones et al.

an increase in the relative number of 60° bond angles as the
temperature increases. These distributions are consistent with
the results of Fig. 13, and the deep minimum in the electronic
DOS in crystalline Sb (Fig. 11) is absent. On the other hand,
the supercooled liquid sample at 600 K shows both short-
long bond alternation (two peaks in the correlation plot) and
a pronounced minimum in the electronic DOS at the Fermi
energy.

An alternative marker for a Peierls distortion is provided
by Shor et al.,>> who analyzed neutron scattering data for lig-
uid Sb using a quasi-crystalline model of the structure. The
analysis indicated that the short-range order is dominated by
the A7 structure of the bulk at all temperatures. The focus is on
details of the measured S(g) function, particularly the asym-
metry of the first peak and the form of the adjacent shoulder,
that require a more accurate functional than PBE or PBEsol.

SUPPLEMENTARY MATERIAL

See supplementary material for plots of the ratio
S(gq, E)/S(q) for selected values of g and temperature T of
600 K, 900 K, and 1300 K, as well as structures of Sb,, clus-
ters for 5 > n > 14, and vibration frequencies for selected
cluster structures.
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