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The structural and electronic properties of liquid T1,Se;_, for 0=x=1 are investigated by means of ab initio
molecular dynamics simulations. It is shown that calculated structure factors are in good agreement with
experiments over the whole range of composition. It is confirmed from calculated electronic densities of states
that the liquid T1-Se alloys have semiconducting properties for Tl concentrations not exceeding the stoichio-
metric composition (x=2/3), while they are metallic for x>2/3. In Se-rich composition range, Se atoms form
chain molecules, whose average length becomes shorter with increasing Tl concentration. In the equiatomic
liquid TI-Se alloy, short Se chains, mostly negatively charged Se, dimers, coexist with a few Se ions, while
most of Se atoms exist as ions at the stoichiometric composition. Based on a population analysis, we discuss
the concentration dependence of the bonding properties in comparison with that in liquid alkali-metal

chalcogenides.
DOI: 10.1103/PhysRevB.78.104203

I. INTRODUCTION

Liquid Se exhibits semiconducting behavior similar to
that of the crystalline phase in a wide range of pressure and
temperature. It consists of chain molecules with covalent
bonds between Se atoms.! The effects of the addition of T1
metal on the electronic properties have been studied experi-
mentally so far.>* When the Tl concentration x is relatively
low (x=0.5), the electrical conductivity increases with in-
creasing x while keeping the semiconducting properties. At
the stoichiometric composition of Tl,Se (x=0.67), a deep
minimum occurs in the concentration dependence of the
electrical conductivity. For higher Tl concentrations with
x>0.67, the liquid TI-Se alloys show metallic properties.

These changes in the electronic properties due to the ad-
dition of TIl atoms must be closely related to the composition
dependence of the structure. Usuki et al.’> have carried out
neutron-diffraction experiments to investigate the structure
of the liquid TI-Se system over the whole concentration
range. They found that the covalent-type Se polymeric struc-
ture is preserved in Se-rich composition range, while the
short-range structure is similar to that of pure liquid T1 when
the TI concentration is higher than the stoichiometric com-
position. Lague et al.® have also obtained the neutron total
structure factors for liquid T1,Se,_, for x=0.4, 0.5, and 0.67.
They suggested that the formation of Seﬁ" polyanions is re-
sponsible for the low conductivity and high thermopower.
Using the technique of neutron scattering and isotopic sub-
stitution, Barnes and Guo’ have obtained the partial structure
factors of the stoichiometric liquid Tl,Se alloy. Since the
observed interatomic distances are consistent with the ionic
radii of TI* and Se?, and the partial structure factors are
very similar to those obtained theoretically using screened
ionic potentials, they concluded that the properties of liquid
T1,Se are well understood in terms of the basic ionic picture.
The partial structure factors of the equiatomic liquid TISe
alloy have been measured by Barnes et al.® using the similar
technique to that of Barnes and Guo. Their experimental re-
sults confirmed the formation of Se polyanions in the liquid
state.
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The temperature dependence of the specific heat of the
liquid TI-Se system has been measured over a wide compo-
sition range by Kakinuma et al.’ They discussed the varia-
tion of the thermodynamic properties in relation to the struc-
tural changes. A thorough experimental investigation into the
molar volume and compressibility has been carried out by
Tsuchiya.'? He found that there exists a cusplike local maxi-
mum at Tl,Se in the concentration dependence of the molar
volume and compressibility. Recently, Ohmasa et al.'! have
found that the T1-Se mixtures exhibit unusual wetting behav-
ior on a silica substrate, which would be due to a peculiarity
of the interatomic interaction in the TI-Se system. They stud-
ied wetting dynamics in the liquid Tl-Se mixtures contacting
a silica wall.!? They also investigated the wetting phenomena
not only in the thermal equilibrium state but also in nonequi-
librium states.'3

As stated above, the structural, electronic, and thermody-
namic properties of the liquid TI-Se system have been exten-
sively studied by experimental methods. For further under-
standing the properties of these liquid alloys, theoretical
methods based on the ab initio technique would be powerful.
However, only a few ab initio studies on this kind of alloys
have been reported so far. An ab initio pseudopotential cal-
culation using density-functional theory has been carried out
to investigate the electronic properties of crystalline TISe.!'*
Although we are unaware of ab initio studies on the liquid
TI-Se system, the properties of disordered phases of In-Se
mixtures have been investigated from first principles. Ab ini-
tio molecular dynamics (MD) simulations have been used to
study the structural and electronic properties of liquid
In,Se,_, for two concentrations of x=0.5 and 0.8.'5 The
structure of amorphous In,Se;_, with x=0.4, 0.5, and 0.6 has
been studied by a first-principles tight-binding MD
technique.'®

In this study, we investigate the structure and electronic
states of the liquid TI-Se alloys by ab initio MD simulations.
We give a detailed comparison of calculated results with the
experimental data, and clarify the concentration dependence
of the structural and bonding properties of the liquid TI-Se
alloys. Especially, the change of the chain structure of Se
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TABLE I. Tl concentrations x, temperatures 7, and number den-
sities p used in MD simulations for liquid TL,Se;_,.

x T (K) p(A7)
0.00 600 0.0295
0.15 760 0.0304
0.25 600 0.0313
0.40 670 0.0313
0.50 680 0.0313
0.67 770 0.0292
0.85 830 0.0270
1.00 770 0.0325

atoms due to the addition of T1 metal is studied in detail. In
ab initio investigations of liquid alkali-metal selenides and
alkali-metal tellurides,'’"'° the bonding properties between
chalcogen atoms (Se-Se or Te-Te) have been discussed thor-
oughly as a function of the alkali-metal concentration. It is
therefore interesting to compare the composition dependence
of the chalcogen-chain structure in the liquid TI-Se system
with that in the liquid alkali-metal chalcogenides.

II. METHOD OF CALCULATION

The electronic states were calculated using the projector-
augmented-wave (PAW) method?®?! within the framework
of the density-functional theory (DFT) in which the general-
ized gradient approximation (GGA) (Ref. 22) was used for
the exchange-correlation energy. The plane-wave cutoff en-
ergies are 18 and 85 Ry for the electronic pseudowave func-
tions and the pseudocharge density, respectively. The energy
functional was minimized using an iterative scheme.?>>* The
I point was used for Brillouin-zone sampling. Projector
functions of the s, p, and d types were generated for the 4s,
4p, and 4d states of Se, and the 5d, 6s, and 6p states of TI.
The cutoff radii r, beyond which the pseudowave functions
coincide with the all-electron wave functions, were chosen as
rg=2.4 and 2.8 a.u. for Se and TI, respectively. In the con-
struction of the PAW data sets, two reference energies were
used except for the 4d states of Se. By investigating the
energy dependence of the logarithmic derivatives of the
pseudowave functions, we verified that our data sets have
good transferability, and do not possess any ghost states in
the energy range considered.

Molecular dynamics simulations were carried out at the
same compositions and temperatures as those used in the
neutron-diffraction measurements by Usuki et al.’ to com-
pare calculated results with their experimental results.
Atomic densities used in our simulations were taken from the
experiments.10 The Tl concentrations, temperatures, and
atomic number densities are listed in Table I. Note that there
are the liquid-liquid two-phase regions in the binary phase
diagram for the TI-Se system.”’ Actually, the state at x
=0.85 and 7=830 K exists within such region, which means
that one of the neutron-diffraction measurements was carried
out for a phase separated liquid. Nevertheless, Usuki et al.
have reported that no splitting pattern appears on the struc-
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FIG. 1. Total structure factors S(k) of liquid TI-Se alloys; the
solid lines and open circles show the calculated and experimental
(Ref. 5) results, respectively.

ture factor at x=0.85 and 7=830 K. To see if our simulation
method reproduces the behavior of the phase separation, we
dare simulate the phase separated state at x=0.85. For each
composition, we used a 128-atom system in a cubic supercell
with periodic boundary conditions. Using the Nosé-Hoover
thermostat technique,”®?’ the equations of motion were
solved via an explicit reversible integrator’® with a time step
of Ar=2.4 fs. The quantities of interest were obtained by
averaging over 9.6 ps after an initial equilibration taking at
least 1.2 ps.

III. RESULTS AND DISCUSSION
A. Structure factors

The comparison of calculated total structure factors S(k)
with the experimental data’ is shown in Fig. 1. We calculated
S(k) from the partial structure factors S,4(k), shown in Fig.
2, with the neutron-scattering lengths. It is seen that the the-
oretical results are in good agreement with the experiments
for the whole range of composition. With increasing Tl con-
centration, the first peak shifts toward larger k from about
2.0 A~'in pure liquid Se to about 2.3 A~!in pure liquid TI,
while increasing the peak height. When the Tl concentration
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FIG. 2. Calculated partial structure factors S,4(k) of liquid TI-Se
alloys for a-B=(a) TI-Tl, (b) Se-Se, and (c) TI-Se.

is increased from x=0.0 to 0.67, the second peak moves
toward larger k, and it moves toward smaller k for further
increase of x. The positions of the second peak for x=0.0,
0.67, and 1.0 are about 3.6, 4.4, and 4.2 A‘l, respectively.
The height of the second peak decreases markedly with in-
creasing Tl concentration for x<<0.5, while it increases for
x>0.5. The third peak shows similar concentration depen-
dence to that of the second peak. These features are common
to both the calculated and experimental S(k).

The Ashcroft-Langreth partial structure factors S,(k) are
shown in Fig. 2. For x=0.5, both Styp(k) and Sg.s.(k) have
peaks at about 1.3 A~'. Since the negative dip exists at the
same wave vector in Sys.(k), there exists no peak around
1.3 A~!in the total S(k) due to the cancellation. These peaks
and dip in S,4(k) arise from charge ordering on an interme-
diate length scale of a few angstroms.

In the liquid alkali-metal chalcogenides, there also exists
charge ordering on a similar length scale.'”~'° However, the
peaks in the chalcogen-chalcogen correlations are clearer and
sharper than those in the TI-Se alloys especially at the equi-
atomic composition. This structural difference would come
from the amount of charge transfer to chalcogen atoms. As
will be discussed later, the charge transfer from TI to Se
occurs incompletely in the TI-Se alloys, while the electrons
of alkali-metal atoms are transferred almost completely to
chalcogen atoms.

In Sy (k), a peak grows at about 2.0 A~ with increasing
x. At x=0.4, another peak appears around 3.5 A~', and shifts
toward larger k when x is increased. In Sg.g.(k), the position
of the peak at about 1.3 A~! moves to about 1.7 A~! when x
changes from 0.5 to 0.67. For x=0.5, there are peaks at
about 2.4 and 3.5 A~!, and they are merged into one peak at
about 3.1 A~ for x=0.67. In Sys.(k), the position of the
negative dip around 1.3 A~' moves to about 1.7 A~! be-
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FIG. 3. Partial structure factors S,s(k) of liquid (a) Tl,Se and
(b) TISe alloys. The calculated results (solid circles) are compared
with the experimental results obtained by diffraction techniques
with isotopic substitution (Refs. 7 and 8) (open circles).

tween x=0.5 and 0.67 corresponding to the peak shift in
Ssese(k). Both peaks at about 2.1 and 4.0 A~! shift toward
larger k with increasing x. The heights of these peaks are
highest at x=0.67.

Here, we should mention the structure at x=0.85 in con-
nection with the phase separation. Although the liquid alloy
at x=0.85 and 7=830 K must separate into two phases as
described in Sec. II, we see no evidence of the phase sepa-
ration in the both experimental and calculated total S(k)
shown in Fig. 1. It is, however, noted that there are some
indications of the phase separation in the partial structure
factors. As clearly seen in Fig. 2(b), Sq.s.(k) at x=0.85 has
higher values for k<1 A~! compared with those for x
=0.67, and increases with decreasing k. Also, Spyp(k) at x
=0.85 seems to exhibit similar behavior for k<1 A~' as
Sgese(k) [Fig. 2(a)]. These results indicate that there exist
long-range fluctuations in the density distribution of Se and
TI arising from structural instability in the liquid. Due to the
system size, we may not be able to reproduce the phase
separation completely in our simulations. Still, we can see
that the calculated structure of the liquid alloy at x=0.85 and
T=830 K shows some indications of the phase separation,
even though the total S(k) has no evidence.

The partial structure factors of the liquid T1,Se and TISe
alloys have been obtained by diffraction techniques with iso-
topic substitution.”? It is, therefore, worthwhile comparing
these experimental S,5(k) with our theoretical results as
shown in Fig. 3. The calculated and experimental S, 4(k) are
shown by the solid and open circles, respectively. Since there
is great difficulty in determining the partial quantities from
experiments, it may not be expected that the experimental
results are superior to the theoretical ones. On the other hand,
we do not assert that the theoretical results are thoroughly
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FIG. 4. Total pair distribution functions g(r) of liquid TI-Se
alloys. The solid lines and open circles show the calculated and
experimental (Ref. 5) results, respectively.

accurate because the approximations in the calculation
method, such as GGA, could possibly be inadequate. Con-
sidering these facts, the difference between both results is
reasonable. It seems that the agreement for the liquid TISe
alloy [Fig. 3(b)] is better than that for the T1,Se alloy [Fig.
3(a)], which would come from the difference in the experi-
mental techniques.

B. Pair distribution functions

In Fig. 4, the calculated total pair distribution functions
g(r) are compared with the experimental results.’ We see that
the agreement between them is reasonably good for all com-
positions. The first peak at about 2.3 A becomes lower with
increasing T concentration, and disappears at x=0.67, while
its position is unchanged for x=0.5. Although the second
peak exists clearly at about 3.8 A in pure liquid Se, its
height decreases by the addition of Tl atoms. Instead, a peak
grows around 3.3 A with increasing x.

Figure 5 shows the partial pair distribution functions
Zap(r). In pure liquid Se, ggs.(r) reflects the chain structure.
The first peak corresponds to the correlation between nearest
neighbors within a chain, while the second peak is mainly
contributed by next-nearest neighbors within a chain. Atomic
correlations between distinct chains have also some contri-
bution to gg.s.(r) beyond 3 A. The clear minimum at about
2.8 A indicates that Se chains do not frequently interact with
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FIG. 5. Calculated partial pair distribution functions g,g(k) of
liquid TI-Se alloys. The solid, dashed, and dotted lines show the
correlations for a-B==Se-Se, TI-Tl, and TI-Se, respectively.

each other. By the addition of TI atoms, the minimum be-
comes shallower, and the second peak shifts slightly toward
larger r in gg.s.(r), while the position of the first peak re-
mains the same. These changes suggest an increase of inter-
chain interaction due to the presence of Tl atoms. The pro-
files of ggese(r) for x=0.67 are completely different from
those for x=0.5, which would indicate that the chain struc-
ture vanishes when the TI concentration is not less than the
stoichiometric composition. It is clearly seen that the first
peak at about 2.3 A in the total g(r) comes from the Se-Se
correlation in the chain structure as pointed out by the pre-
vious studies.>®®

At x=0.15, gpse(r) has a first peak at about 3.3 A fol-
lowed by a broad profile. Its position shifts slightly toward
smaller r with increasing x, while becoming higher. This
TI-Se correlation gives the peak around 3.3 A in the total
g(r). While there are no clear peaks in gpp(r) for x=0.25,
there appears a broad first peak at about 3.8 A when the TI
concentration is increased to x=0.4. For further increase of
Tl concentration, the first peak moves toward smaller r, and
becomes gradually higher. In pure liquid TI, the position of
the first peak is about 3.3 A.

The concentration dependence of gg.s.(r) in the liquid
alkali-metal selenides'” is similar to that in the current sys-
tem when the alkali-metal concentration is lower (x=0.2).
However, at the equiatomic concentration, gg.s.(r)’s in the
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FIG. 6. Partial pair distribution functions g,s(k) of liquid (a)
Tl,Se and (b) TISe alloys. The calculated results (solid lines) are
compared with the experimental results obtained by diffraction
techniques with isotopic substitution (Ref. 7 and 8) (solid circles),
and those obtained by neutron-diffraction measurements (Ref. 5)
(open circles).

two liquid systems are rather different from each other. In the
profile of gg.s.(r) for liquid RbysSeys, there exists a wide
deep valley between the sharp first peak and the wide-
ranging second peak at about 6 A, which reflects the exis-
tence of stable Se%" dimers. On the other hand, the minimum
of ggese(r) around 3.2 A for liquid Tl sSe s is fairly shallow
as shown in Fig. 5 This would mean that the structure of
dimers or short chains is unstable, and Se covalent bonds
exchange frequently in the liquid TI-Se system even at the
equiatomic composition.

The comparison with the experimental results for the lig-
uid T1,Se and TI1Se alloys is shown in Fig. 6. The solid lines
show the calculated g,4(r). The solid and open circles show
the experimental results obtained by diffraction techniques
with isotopic substitution”® and by neutron-diffraction
measurements,’ respectively. It is seen that the difference
between the two experimental results is significant as shown
in Fig. 6(a), which would be caused by the fact that g,4(r)’s
displayed with the open circles were obtained based on the
assumption that each partial structure is independent of the
relative abundance of the constituent elements in the alloys.’
Although there are some discrepancies, the overall agree-
ment between the solid lines and the solid circles is satisfac-
tory in the sense discussed in Sec. Il A, which implies that
our ab initio calculations support the experimental results
with isotopic substitution techniques.

C. Electronic densities of states

Figure 7 shows the electronic densities of states (DOS)
D(E) of liquid T1,Se,_,. The origin of energy is taken to be
the Fermi level. At x=0.0, D(E) has a deep dip at the Fermi
level corresponding to the semiconducting properties of lig-
uid Se. Although D(E)’s for 0.15=x=0.5 have finite values
at the Fermi level, which conforms to the increase of the
electrical conductivity by the addition of Tl atoms, the exis-
tence of the clear dip at the Fermi level means that these
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FIG. 7. Total electronic densities of states D(E) of liquid TI-Se
alloys. The origin of energy is taken to be the Fermi level (Ez=0).

liquid alloys keep semiconducting properties. At the stoichi-
ometric composition of x=0.67, the dip becomes deeper
again, which is consistent with the fact that a minimum oc-
curs in the concentration dependence of the electrical con-
ductivity. We see that the system has metallic properties for
x=0.84, as there is no dip at the Fermi level. These changes
in D(E) due to the addition of Tl atoms are in qualitative
agreement with the experimental observations.>*

Figure 8 shows the concentration dependence of the par-
tial DOS D' (E) with the angular momentum [ around a-type
atoms.” It is seen from Figs. 7 and 8 that the electronic
states below —10 eV consist of the 4s states of Se and the 5d
states of T1, whereas those above —8 eV are mainly formed
by the 4p states of Se and the 6s states of T1. The 6p states of
Tl also give some contributions to the electronic states above
-5 ¢eV. For lower Tl concentrations (x<0.5), there are two
broad peaks at about —4 and —1 eV in D(E) corresponding
to bonding and nonbonding states, respectively, in the chain
structure. We see that Di (E) for x=<0.5 is largely different
from that for x=0.67. This is consistent with the structural
changes we have seen in Fig. 5. It is found that the profile of
D%‘lj(E) spreads over only a narrow energy range and has
weak composition dependence. Also, it is seen that the me-
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FIG. 8. Partial electronic densities of states Dla(E) of liquid
TI-Se alloys for a=(a) Se and (b) TI. The solid, dotted, and dashed
lines show Dla(E) for /=0, 1, and 2, respectively.

tallic properties for x=0.84 originate mainly from the 6p
states of TI.

In the liquid alkali-metal chalcogenides, the partial DOS
for alkali-metal atoms has very small values over the energy
range where the p states of chalcogen atoms exist, when the
alkali-metal concentrations are not exceeding 0.5.'7-'° This
fact suggests that nearly complete charge transfer from
alkali-metal to chalcogen atoms occurs. On the other hand,
since D$(E) has fairly large values even for lower Tl con-
centrations as seen in Fig. 8(b), we see that the charge trans-
fer from Tl to Se atoms is incomplete in the liquid TI-Se
alloys. Moreover, in the alkali-metal chalcogenides at the
equiatomic concentration, the partial DOS for the p states of
chalcogen atoms has three sharp peaks below the Fermi
level,'7!? which reflects the electronic states in Se3~ dimers.
However, D&(E) for the liquid TI-Se system at x=0.5 con-
sists of only one large peak around —1 eV with a broad tail
toward lower energies as shown in Fig. 8(a). Although a
small peak is recognized at about 4 eV, this partial DOS is
dissimilar to the electronic states in the stable dimers.

D. Chain structure of Se atoms

To investigate the change in the chain structure, we ob-
tained the ratio d(n) of the number of Se atoms coordinated
with n Se atoms to the total number of Se atoms by counting
the number of atoms inside the sphere of a radius R centered
at each atom. We used the first minimum position, 2.8 10\, of
gsese(r) as R. The Tl-concentration dependence of d(n) is
shown in Fig. 9. It is seen that almost all Se atoms have
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FIG. 9. Tl-concentration x dependence of Se-Se coordination-
number distribution d(n) in liquid TI-Se alloys.

twofold coordination in pure liquid Se. With increasing Tl
concentration up to x=0.4, the ratio of twofold-coordinated
Se atoms decreases, and that of onefold-coordinated Se at-
oms increases. This concentration dependence clearly shows
that Se chains are shortened by the addition of Tl atoms.
When the T1 concentration is increased from 0.4 to 0.5, the
number of onefold-coordinated Se atoms is unchanged,
while the ratio of twofold-coordinated Se atoms keeps de-
creasing. Note that d(0) has a finite value, which indicates
that there exist negatively charged Se ions neighboring to
only Tl atoms at the equiatomic concentration. At the stoi-
chiometric composition (x=0.67), d(2) and d(1) become
nearly zero, and d(0) has a high value, i.e., most of Se atoms
exist as ions.

In Table II, we show the concentration dependence of the
average length of Se chains calculated by connecting up Se
atoms with atomic distances less than R. The ratio of Se ions
estimated from d(0) at each concentration is also listed. It is
quite natural that the average length of Se chains decreases
with increasing T1 concentration. It is, however, seen that the
average length, 2.5, at the equiatomic composition is greater
than the ideal value, 2.0. This means that there exist short Se
chains as well as Se, dimers and Se ions in liquid Tl sSe 5.

In the liquid alkali-metal selenides,!” the average length
of Se chains also decreases with increasing alkali-metal con-
centration. However, the average length at the equiatomic
composition is nearly the ideal value, and almost all Se at-
oms form Seg_ dimers, because the charge transfer occurs
almost completely.

E. Bond-overlap populations
We used population analysis®®3! to clarify the change in
the bonding properties due to the addition of TI atoms. By

TABLE II. Tl-concentration x dependence of the average length
of Se chains, [, and the ratio of Se ions, w(ion).

x Lehain w(ion)
0.15 6.7 0.00
0.25 5.0 0.00
0.40 3.1 0.04
0.50 2.5 0.22
0.67 1.0 0.93
0.85 1.0 1.00
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expanding the electronic wave functions in an atomic-orbital
basis set,”’?>33 we obtained the overlap population O;; be-
tween the ith and jth atoms and the gross charge Q; for the
ith atom.?® See details of the calculation in Refs. 17 and 29.
Here we mention that the charge spillage,’> which estimates
the error in the expansion, is only 0.1%, indicating that our

basis orbitals are of high quality.

Figure 10 shows the time-averaged distributions paﬁ(é)
(Ref. 34) of the overlap populations O, ;. Which give a
semiquantitative estimate of the strength of bonding between
atoms. We see from Fig. 10(a) that the distribution ranges of

Prise(0) and pryr(O) spread over larger O with increasing Tl
concentration. The fact that pairs of Tl and Se atoms have
finite values of the overlap population indicates that the in-
teraction between Tl and Se atoms is not purely ionic. The

values of ppis(O) for 0>0.0 become smaller for larger Tl
concentrations, because the average number of Se atoms
around each T1 atom is smaller.

In the distribution of pg.g.(O) in pure liquid Se, there are
two peaks at about 0=0.6 and —0.2 except around 0=0.0 as
shown in Fig. 10(b). By identifying Se chains in the liquid
alloys, we examine ps.s.(O) in connection with the chain
structure of Se atoms. The solid circles show the time-

PHYSICAL REVIEW B 78, 104203 (2008)

T j '
I L
I 15% Tl A T

f< I 1 —
2»( /'l A 7
Tl AR
P

i 25% Tl

ok } | sl | | |

| I
85% Tl .. ]

£,(0)
o W o W o W (e} UJ (e} 9%} (e} u.) (e} UJ (e} W @)}
[

FIG. 11. Distributions f,(Q) of gross charges Q;.,. The solid
and dashed lines show fg.(Q) and fr;(Q), respectively. The open
circles and crosses show the contributions to fs.(Q) from Se atoms
coordinated to two and one neighboring Se, respectively, while the
solid circles show the contributions to fg.(Q) from Se atoms that
have no neighboring Se.

averaged distribution of the overlap populations for pairs of
nearest-neighbor Se atoms within a chain, which has the

peak at the larger O~0.6 because of the o-type covalent
bonding between atoms. Since the antibonding interaction
exists between the lone-pair states of next-nearest-neighbor
Se atoms within a chain, those pairs of Se atoms give the

peak at the negative O~—0.2 as displayed by the open
circles. The contribution from pairs of Se atoms belonging to
different chains, shown by the open squares, has a peak at

O ~0.1. A characteristic feature in pure liquid Se is that these
three distributions are well separated to each other by clear

minima at about 0=0.2 and —0.1, reflecting the clear chain
structure. With increasing Tl concentration, the two minima
become shallower because Se chains interact more fre-
quently with each other due to the excess electronic charges
transferred from T1 atoms. Even at the equiatomic concentra-

tion, the distribution of pg.s.(O) is qualitatively the same as
those for lower Tl concentrations, though the peak at the

negative O~ —0.2 almost disappears. For x=0.64, pg.s.(0)

does not have finite values at finite O, which means that the
chain structure vanishes.
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In the liquid alkali-metal selenides,'” pg.s.(O) at the equi-
atomic concentration has a qualitatively different profile
from those at lower alkali-metal concentrations, due to the
formation of dimers. The distribution from nearest neighbors

shifts toward larger 5, and has a peak at about O= 1.0, which
shows a stronger chemical bonding in dimers. Also, the con-
tribution from the interchain interaction almost disappears,
i.e., the dimer-dimer interaction occurs infrequently.

F. Mulliken charges

Figure 11 shows the time-averaged distributions f,(Q)
(Ref. 35) of Q;., for a-type atoms. It is quite natural that, in
pure liquids (x=0.0 and 1.0), f,(Q) has a symmetric distri-
bution around 0=0.0. At x=0.15, f1;(Q) has a peak at about
0=0.6, which is much smaller than the ideal value, 1.0. The
peak position shifts toward smaller Q with increasing TI con-
centration, i.e., the number of electrons around each Tl atom
increases as the Tl concentration increases. While the profile
of fp(Q) is symmetric for x=0.67, fs.(Q) has an asymmet-
ric distribution. We decompose f.(Q) into three contribu-
tions by the number of neighboring Se around each Se atom.
The open circles and crosses show the contributions to
fse(Q) from Se atoms coordinated to two and one neighbor-
ing Se, respectively. The contribution from Se atoms that
have no neighboring Se is shown by the solid circles. It is
clearly seen that the asymmetric distribution of fg.(Q) comes
from the difference in the distribution of the three contribu-
tions. The profiles for the twofold- and onefold-coordinated
Se atoms (open circles and crosses) shift toward smaller Q
(larger |Q|) with increasing Tl concentration. At the equi-
atomic composition, the contribution from Se atoms without
neighboring Se (solid circles) becomes finite, which corre-
sponds to the appearance of negatively charged ions. The
distribution range of this contribution is unchanged when the
Tl concentration is increased.
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In the liquid alkali-metal selenides,!” the gross-charge dis-
tribution for alkali-metal atoms has a peak near the ideal
value, Q=1.0, reflecting the fact that almost all s electrons of
alkali-metal atoms are transferred to Se atoms. The asym-
metric distribution of the gross charges of Se atoms comes
from the coordination dependence of the gross charges simi-
lar to the T1-Se system. However, there exist no contributions
from negatively charged ions in the liquid alkali-metal se-
lenide at the equiatomic composition.

IV. SUMMARY

We have investigated the concentration dependence of the
structural and bonding properties of the liquid TI-Se alloys
by means of ab initio molecular dynamics simulations. It has
been shown that the calculated structure factors are in good
agreement with experiments over the whole range of Tl con-
centration. We have confirmed from the calculated electronic
densities of states that the liquid TI-Se alloys have semicon-
ducting properties for Tl concentrations not exceeding the
stoichiometric composition, while they are metallic for larger
TI concentrations. Based on the population analysis, we have
clarified the changes in the bonding properties and the
atomic charges due to the addition of Tl atoms. The differ-
ences of structural and electronic properties between the lig-
uid T1-Se and alkali-metal-chalcogen systems have also been
discussed.
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