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Polymerization transition in liquid AsS under pressure: An ab initio molecular dynamics study
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We study the pressure dependence of the structural and electronic properties of liquid AsS by ab initio
molecular dynamics simulations. We confirm that liquid AsS consists of As,S; molecules at ambient pressure, as
in the crystalline state. With increasing pressure, a structural transition from molecular to polymeric liquid occurs
near 2 GPa, which is eventually followed by metallization. The pressure dependence of the density and diffusion
coefficients changes qualitatively with this transition. We find that, during metallization in the polymeric phase
at higher pressures, the remnants of covalent interactions between atoms play an important role in the dynamics,
i.e., the As-S bond length becomes longer with increasing pressure and the diffusion coefficients have a local
maximum near 5 GPa. When the pressure approaches about 15 GPa, the covalent nature of the liquid becomes
quite weak. These results explain recent experiments on the pressure dependence of the viscosity.

DOI: 10.1103/PhysRevB.84.224202

I. INTRODUCTION

The microscopic mechanism of structural changes in
covalent materials under pressure is a topic of great interest
in condensed-matter physics. From the geological viewpoint,
not only well-known materials such as SiO,, but arsenic
chalcogenides, especially arsenic monosulfide AsS, which are
formed at the boundary between the Earth’s upper mantle
and crust under pressures of 5-7 GPa, have also attracted
considerable attention as minerals.! Under ambient conditions,
crystalline realgar AsS has a monoclinic structure consisting
of As4Ss molecules.>? The molecule is made of As atoms
threefold coordinated to two S and one As atoms with S atoms
bridging two adjacent As atoms. At pressures of about 7 GPa,
realgar AsS undergoes a polymorph transition to another
molecular phase with a supposedly orthorhombic structure.!

It is known that, under low-pressure conditions, As4S4
molecules remain even upon melting. However, the structural
properties and dynamics of liquid AsS under pressure are
not well understood. Within the As;S; molecule, atoms are
connected by covalent bonds, so the rearrangement of the
covalent bonds must occur under compression. While liquid
arsenic chalcogenides show semiconducting properties at
ambient conditions, high pressure leads to metallization. To in-
vestigate the microscopic mechanism of the pressure-induced
semiconductor-metal (SC-M) transition, it is important to
consider the relationship with the structural changes along
with the rearrangement of the covalent bonds.

The temperature dependence of the SC-M transition in
liquid arsenic chalcogenides has been extensively studied both
experimentally*® and theoretically.”'° The mechanism of
this temperature-induced SC-M transition in liquid As,S3 and
As;,Se;s is closely related to the structural change with increas-
ing temperature from the network to chainlike structure.®-'°
However, we are unaware of theoretical studies of the SC-M
transition in liquid arsenic sulfides under pressure.

X-ray diffraction measurements of liquid AsS have clarified
the pressure effects on structural properties,!' and two struc-
tural changes have been proposed to occur with increasing
pressure in the liquid state. The first structural change is
from a molecular liquid to a nonmetallic polymerized liquid
at 1.6-2.2 GPa. The second structural change is from this
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nonmetallic polymerized liquid to a metallic liquid at 4.6—4.8
GPa. The viscosity of liquid AsS under high pressure has also
been measured.'? It is highly anomalous that the viscosity
increases with pressure up to 2 GPa, after which it drops
with further compression. For covalent liquids, the viscosity
is strongly related to the covalent interactions, so studying
the pressure effects on the bonding properties of liquid AsS
to understand the pressure dependence of the viscosity is
warranted.

In this paper, we investigate the structural and bonding
properties and the dynamics of liquid AsS under pressure
using ab initio molecular dynamics (MD) simulations. We
have recently clarified the microscopic mechanisms of the
pressure-induced SC-M transition in monatomic covalent
liquid Se,'® and this paper extends this research to compound
covalent liquids. A key point to grasp in understanding the
properties of this kind of liquid under pressure is that the
covalent interactions remain in the metallic state, as indicated
earlier for liquid Si (Refs. 14 and 15) as well as for liquid
Se.!® The purposes of our study are (1) to elucidate the
microscopic relationship between the structural changes and
the pressure-induced SC-M transition and (2) to clarify the
pressure effects on the dynamic properties in relation to the
covalent interactions in liquid AsS.

II. METHOD OF CALCULATION

In the MD simulations, a system of 160 (80As + 80S)
atoms in a cubic supercell is used under periodic boundary
conditions. The equations of motion for atoms are solved via an
explicit reversible integrator'® with a time step of At = 2.0 fs.
A constant-pressure MD simulation!” is performed for 4.8 ps
at each given pressure to determine the density of the liquid
state under pressure. Using the time-averaged density, the static
and diffusion properties are investigated by MD simulations
in the canonical ensemble'!? at a temperature of 1300 K. The
quantities of interest are obtained by averaging over 14.4 ~
21.6 ps to achieve good statistics after the initial equilibration,
which takes at least 2.4 ps.

The atomic forces are obtained from the electronic states
calculated using the projector-augmented-wave method?%?!
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FIG. 1. Volume as a function of pressure for liquid AsS at 1300 K.

within the framework of density functional theory. Projector
functions are generated for the 4s, 4p, and 4d states of As
and the 3s, 3p, and 3d states of S. The plane-wave cutoff
energies for the electronic pseudo-wave functions and the
pseudo-charge density are 20 and 150 Ry, respectively. The
exchange-correlation energy is treated by the generalized
gradient approximation (GGA).?> The I' point is used for
Brillouin zone sampling. The energy functional is minimized
using an iterative scheme.???*

III. RESULTS

A. Volume-pressure relation

The time-averaged pressure”-2® is calculated at each den-

sity, and leads to the volume-pressure relation shown in Fig. 1.
The thermodynamic states investigated in this study cover
a density range from 2.79 to 5.17 g/cm?, and a pressure
range from 0.1 to 15.8 GPa. Figure 1 shows that the pressure
dependence of the volume changes qualitatively at around
2 GPa. This feature suggests that a first-order liquid-liquid
transition occurs in liquid AsS, which is related to the transition
from the molecular liquid to the polymeric liquid, as described
in detail below.

B. Structure factor

Figure 2 shows the pressure dependence of the structure
factor S(k) of liquid AsS. The solid lines represent the
calculated S(k), which are obtained from the partial structure
factors Syp(k) with the x-ray scattering factors. The results of
x-ray diffraction experiments'! are indicated by open circles.
The calculated results are in fairly good agreement with
experiments. A remarkable feature exhibited in S(k) is the
first-sharp diffraction peak (FSDP) near k = 1 A~!. This peak
reflects the existence of some structural characteristics in an
intermediate range, such as the presence of AssS4 molecules
below 2 GPa. The position of the FSDP gradually shifts to
larger wave vectors and the intensity decreases with increasing
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FIG. 2. (Color online) Pressure dependence of the total structure
factor S(k). The solid lines show the calculated S(k), and the open
circles represent the S(k) obtained by x-ray diffraction measurements
(Ref. 11). The curves are shifted vertically as indicated by the figures
in parentheses.

pressure. Above 4.1 GPa, there is no clear FSDP. The height of
the peak near k = 2 A~ increases with compression, whereas
the peak height near k = 4 A~! decreases.

Figure 3 shows the pressure dependence of S,g(k). We
see that the FSDP shown in Fig. 2 is mainly determined
by the As-As correlation, although the As-S correlation also
contributes to forming the FSDP. The S-S correlation has only
a shoulder at the position of FSDP. The intensities of these
peaks decrease drastically for pressures above 1.3 GPa, which
corresponds to the breakdown of As4S4 molecules in the liquid
under compression. The peak of Sasas(k) near k = 2 A~! splits
into two peaks for pressures above 4.1 GPa. Above 2.6 GPa,
a shoulder appears in Sss(k) near k = 1.8 A~!. The decrease
of the intensity of the peak in S(k) near k = 4 A~! originates
from the decrease in the Sass(k) peak.

C. Pair distribution function

The pressure dependence of the pair distribution functions
8ap(r) of liquid AsS is shown in Fig. 4. Since As4S4 molecules
remain intact up to 1.3 GPa, the shape of g,g(r) is almost
unchanged. Above 1.9 GPa, g.s(r) is largely different from
those at lower pressures because the As4S4 molecule is broken.
In particular, the first minimum and second peak of gass(r)
disappear with increasing pressure. Note that, above 2.6 GPa,
the peak reflecting to the formation of S-S homopolar bonds
appears clearly near r = 2.1 A in gss(r). The S-S homopolar
bond also exists in liquid As,S3 at ambient pressure.?’
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FIG. 3. (Color online) Pressure dependence of the partial struc-
ture factors S,4(k). (a) The solid lines show Sags(k). (b) The solid and
dashed lines indicate Sasas(k) and Sss(k), respectively. The curves
are shifted vertically as indicated by the figures in parentheses.

Figure 5 shows the pressure dependence of the nearest-
neighbor distances r,g [the first-peak positions of g,s(r)]. In
Fig. 5(c), the open circles indicate the position of the peak
in gss(r), which exists from ambient pressure, and the solid
circles show the peak of the homopolar bonds above 2.6 GPa.
At ambient pressure, rass, Fasas, and rsg are 2.62, 2.25, and
3.38 A, respectively. These distances are almost the same as
for the crystalline state?® and remain almost unchanged up to
1.3 GPa. Above 1.9 GPa, the As-S and S-S covalent bonds
lengthen gradually with increasing pressure, as indicated by
the solid circles in Figs. 5(b) and 5(c), whereas no such change
is seen in rasas [Fig. 5(a)].

Figure 5(d) shows the pressure dependence of the partial
coordination numbers Nyg for a-B = As-S (circles), As-As
(squares), and S-S (diamonds). The coordination numbers are

obtained in two ways: (I) N 2; are obtained by the integration

of 4nr2pﬂga5(r) up to the first minimum position rgg“ of
8up(r) at Q.l GPa for' As-S and As-As, and at 2.6 GPa
for S-S (Mt = 2.7, rMin = 3.0, and r&" = 2.35 A), where

pp denotes the number density of B-type atoms. (II) Nég)

are obtained by the integration of 4772 pggas(r) up to the
first minimum of r2 8up(r) at each pressure. At ambient
pressure, Nags = 2 and Nagas = 1, irrespective of the method
of calculation. These values are the same as for the crystalline
state consisting of As4S4 molecules. Above 1.9 GPa, both Nags
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FIG. 4. (Color online) Pressure dependence of the pair distribu-
tion functions g.s(r). (a) The solid lines show gags(r). (b) The solid
and dashed lines indicate gasas(r) and gss(r), respectively. The curves
are shifted vertically as indicated by the figures in parentheses.

and Nagas begin to increase. Note that Ng; and N/(\ngs increase
drastically above 10 GPa as shown by the solid symbols, which
indicates that the first-coordination shell changes significantly
in this pressure range, as discussed in Sec. IV. Above 2.6
GPa, Ngg has finite values, and increases with compression.
Different from Ng:g and NS:LS, N, SSD does not show the sudden
increase at pressures over 10 GPa, but keeps a similar value of
about 0.1.

D. Electronic density of states

Figure 6 shows the pressure dependence of the total
electronic density of states (DOS) D(E) and the partial
DOS D,(E). The electronic states below —8 eV and above
—6.5 eV originate mainly from the hybridization of s and
p electrons, respectively. They are well separated from each
other even for pressures up to 15.8 GPa. The DOS above
Er (E = 0) originates from p-like antibonding states. At
0.1 GPa, D(E) has a small gap at Er, which corresponds
to the semiconducting properties of the liquid. Although the
gap remains at pressures up to 1.3 GPa, the value of D(EF)
becomes finite above 1.9 GPa, and increases with increasing
pressure, which indicates that metallization follows the rupture
of As4S4 molecules. It should, however, be noted that having
a finite value of D(Ef) does not directly prove that the
system has the metallic properties. It is also well known
that GGA underestimates band gaps in semiconductors. In
addition to these facts, at pressures of 1.9-4.1 GPa, a deep dip
is recognized at Eg. Therefore, we consider that the system
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FIG. 5. (Color online) Pressure dependence of the nearest-
neighbor distances r,g for (a) a-B = As-As, (b) a-f = As-S, and
(c) a-p = S-S. (d) Pressure dependence of the average coordination
numbers N,g4. The circles, squares, and diamonds show Nags, Nasas
and Ngg, respectively. The open and solid symbols indicate N,S} and

N;Iﬂl), respectively (see text).

is not completely metallized but has some semiconducting
properties over this pressure range even after polymeriza-
tion. In this sense, our calculations are consistent with the
experimental observations,'! which suggest that nonmetallic
polymerized liquid is metallized at 4.6-4.8 GPa. The shape
of D(E) does not change significantly for pressures above
4.1 GPa, indicating that metallization is completed at this
pressure.

E. Bond-overlap population

We use population analysis®’*? to clarify changes in
bonding properties associated with compression. By expand-
ing the electronic wave functions in an atomic-orbital basis
set, we obtain the overlap population O;;(¢) between the
ith and jth atoms as a function of time ¢. O;;(t) gives a
semiquantitative estimate of the strength of the covalentlike
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FIG. 6. (Color online) Pressure dependence of the electronic
density of states D(E) and the partial electronic density of states
D,(E). The bold-solid lines indicate D(E). The thin-dashed and
thin-solid lines show Das(E) and Ds(E), respectively.

bonding between atoms. Note that pgg (0) is normalized so
that [° pap(0)dO gives the average number of B-type
atoms that have overlap populations greater than O, around
one «-type atom.

Figure 7 shows the time-averaged distribution pyg (O) of the
overlap populations O;;(?). In pAss(B) and pASAs(a), clear
peaks exist near O = 0.7 and O = 0.4, respectively, up to
1.3 GPa, which reflects the covalent-bond interactions within
As4S,; molecules. Above 1.3 GPa, pASs(a) and pASAS(a)
increase with pressure in the ranges of 0 < O < 0.5 and
0 < O < 0.3, respectively, because bond exchange and bond
rupture occur more frequently at higher pressures. Up to
5.9 GPa, the peaks in pass(0) and pasas(O) remain near
0 =0.7 and O = 0.4, respectively, which indicates that the
covalent interactions survive in this pressure range. The shift
of these peaks to smaller O with increasing pressure means
that the covalent interactions weaken, which is why rass and
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FIG. 7. (Color online) Pressure dependence of the distribution
Pap(O) of the bond-overlap populations for (a) O < Oand (b) O > 0.
The bold-solid, thin-solid, and thin-dashed lines indicate pa.s(O),
Pasas(0), and pss(0), respectively. In (b), pss(O) are enlarged to 30
times the original value. The curves are shifted vertically as indicated
by the figures in parentheses.

rss increase with pressure, as indicated by the solid circles in
Fig. 5. Above 2.6 GPa, pss (5) has a broad peak near 0 =0.28,
which corresponds to the pressure-induced appearance of the
S-S homopolar bonds. For 0 < 0, the profiles of peg (0) are
significantly different below and above 1.9 GPa, reflecting the
transition from molecular to polymeric liquid.

F. Diffusion coefficient

The pressure dependence of the diffusion coefficients
dy is shown in Fig 8. Up to 1.3 GPa, d, decrease with
increasing pressure, while keeping the As4S4 molecule intact.
In molecular liquids, long-range molecular diffusion must
occur in order for atoms to diffuse long range. As pressure
increases from 0.1 to 1.3 GPa, the volume of the system
largely decreases as shown in Fig. 1. Therefore, the free space
between molecules is reduced and the molecular-diffusion
path is significantly limited. In addition, we observed that
direct interactions between molecules become stronger, i.e.,
new bonds are almost formed between neighboring molecules
at 1.3 GPa. As a result, diffusion coefficients decrease
rapidly.

Above 1.9 GPa, the pressure dependence changes quali-
tatively. Although the system exhibits metallic properties in
the sense that there is no energy gap in the DOS at Ef in
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FIG. 8. (Color online) Pressure dependence of the diffusion
coefficients d, for « = As (circles) and o« = S (squares).

this pressure range (as shown in Fig. 6), covalent interactions
exist between atoms (as shown in Fig. 7). Since each bond
weakens with an increase in the number of neighboring
atoms, bond exchange occurs easily and frequently, and
the diffusion coefficients increase above 1.9 GPa. Under
further compression, d, eventually decrease so that a local
maximum occurs around 5 GPa, as seen in typical covalent
liquids.?>*° The pressure dependence of d, corresponds well
to the experimentally measured pressure dependence of the
viscosity.!? Note that the experimental measurements were
performed just above the melting temperature at each pressure,
whereas all simulations were carried out at 1300 K. However,
changing the pressure in the order of GPa has a stronger
effect than changing the temperature by an order of 100 K,
as suggested by Fig. 2 of Ref. 12. Therefore, the qualitative
pressure dependence of the calculated d, agrees with that
of the experimental viscosity. As for temperature depen-
dence, the transition pressure of polymerization will increase
and the diffusion maximum will appear more clearly when the
temperature decreases.

IV. DISCUSSION

We discuss here the pressure-induced structural changes
in relation to the covalent interactions. Each pair distribution
function gqg(r) is resolved according to the strength of the
interatomic covalent bonds. The bold-dashed, thin-solid, and
thin-dashed lines in Fig. 9 show g\t(r), g5 (r), and g\))(r)
obtained from atomic pairs with O;;(t) > 8, 0;;(t) < —4, and

—3& < 0;;(t) < 8, respectively (we use § = 0.01). At 0.1 GPa,
the first peak of gass(r) consists of only ggg(r), whereas

the second peak consists of mainly gﬁ\gé(r). A similar profile
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FIG. 9. (Color online) Pressure dependence of the pair distri-
bution functions for (a) As-S, (b) As-As, and (c) S-S. The bold-
dashed, thin-solid, and thin-dashed lines show g((;;)(r) obtained for
04(t) > 8, 845 (r) for 0;(t) < —8, and g\ (r) for =8 < Oy;(1) < 8,
respectively, with § = 0.1. The bold-solid lines indicate gqs(r). The
curves are shifted vertically as indicated by the figures in parentheses.

is apparent in gasas(r), i.e., g;:;s(r) and gf%_sgs(r) form the
first and second peaks, respectively, of gasas(r). Note that
g\ (r) and g\ (r) have broad peaks at 3.2 ~ 3.5 A, which
comes from intermolecular interactions, whereas the peaks of
gxg (r)and gf(szs(r) correspond to intramolecular interactions.
With increasing pressure, the broad peaks of gf:gé(r) and

gf:;\s(r) shift to smaller r, and merge into their respective first

peaks. However, the peaks of gxé (r)and gggs(r) remain well
separated from their first peaks. These results mean that the
increase in average coordination number accompanying the
polymerization transition is due to bond formation between
atoms belonging to different molecules; that is, after the
transition, atoms belonging to different molecules come into
the first coordination shell.
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At 15.8 GPa, gf\_s)s(r) and gf\_sj\s(r) interpenetrate gf:gg(r)

and gxgs(r), respectively. Consequently, the coordination

numbers Ng?s and N/(\I:LS increase drastically, as shown in
Fig. 5(d). We consider that the covalent nature of the liquid
becomes quite weak in this pressure range.

Regarding the S-S correlation, gég)(r), which originates
from intramolecular correlation, provides the main contri-
bution at 0.1 GPa to the peak of gss(r) at 3.3 A. gi'(r)
also has a small peak, which corresponds to intermolecular
interactions. These results show that no clear chemical bonds
exist between S atoms at 0.1 GPa. With increasing pressure,
a peak appears near 2.1 A that consists of gég)(r), which
indicates the formation of S-S homopolar bonds between
different molecules. Note that the peak of géJSr)(r) near 3.3 A
shifts to smaller r with increasing pressure. At 15.8 GPa, this
peak is almost at the same position as the peak of gasas(7). This
fact implies that the order in the atomic configuration, which
originates from the covalent interactions that are a remnant of
the molecular liquid, disappears at this pressure.

V. SUMMARY

By using ab initio molecular dynamics simulations, we
have investigated the structural and bonding properties and
the dynamics of liquid AsS under pressures up to 15.8 GPa.
This work confirms that the metallization of liquid AsS
follows the pressure-induced transition from molecular to
polymeric liquid. The profiles of the bond-overlap populations
show that covalent interactions persist in the metallic state,
which determines the pressure dependence of the dynamic
properties. After polymerization, the As-S bond lengthens with
increasing pressure, and the diffusion coefficients exhibit a
local maximum near 5 GPa.
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