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Abstract. The structural and electronic properties of liquid RbxTe1−x mixtures (x = 0.0, 0.2,
and 0.5) are studied by ab initio molecular-dynamics simulations. It is shown that the transition
from the metallic to the semiconducting state induced by adding Rb atoms is reproduced, and
that this transition is related to the structural change in the Te chain. It is also shown from the
calculated electronic density of states that almost complete charge transfer from Rb to Te occurs
in the mixtures. The correlation between the spatial distribution of the transferred charge in the Te
chains and the positions of Rb+ ions is investigated.

1. Introduction

Though both crystalline Se and Te have trigonal chain structures and semiconducting character
in the solid state, they have different features in the liquid state. Liquid Te is metallic, while
liquid Se is semiconducting near the triple point. What is the difference between them?

As for liquid Se, the semiconductor–metal (SC–M) transition occurs when the temperature
and the pressure are increased up to near the critical point [1, 2]. The structural change due
to the SC–M transition was studied by x-ray diffraction [3, 4] and it was shown that the chain
structure remains even in the metallic state, though the length of the chains becomes much
shorter. Recently we [5,6] have clarified the microscopic mechanism of the SC–M transition on
the basis of the structure and the electronic states obtained by our ab initio molecular-dynamics
simulation.

On the other hand, the structure of liquid Te has been investigated by means of diffraction
measurements [7–9] and it is known that there is no well-defined first coordination shell in
the pair distribution functions, which suggests that there exists a high density of threefold-
coordinated defects in the liquid phase. In an effort to understand the properties of liquid Te,
some liquid-alkali–Te mixtures have also been studied experimentally [10–14] and it has been
shown that a metal–semiconductor transition occurs when alkali elements are added to liquid
Te. From these experiments, it is expected that the charge transfer from alkali elements to Te
occurs in the liquid-alkali–Te mixtures. However, the spatial distribution of the transferred
charge in the Te chains has not yet been investigated. Moreover, the microscopic atomic
configuration of the Te chains and the alkali elements in the liquid-alkali–Te mixtures has
never been studied theoretically.

In this paper, we present the results of our ab initio molecular-dynamics (MD) simulations
of liquid-alkali–Te mixtures. The purposes of our study are:
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(i) to investigate the changes in the structure and the electronic states of liquid-alkali–Te
mixtures with increasing alkali-element content, and

(ii) to clarify the microscopic mechanism of the metal–semiconductor transition on the basis
of the atomic configuration, electronic density of states, and charge transfer obtained.

2. The method of calculation

Our method of calculation is based on the density-functional theory in which the generalized-
gradient approximation [15] is used for the exchange–correlation energy. The wavefunctions
are expanded in the plane-wave basis set and only the � point is used to sample the Brillouin
zone of the supercell. The valence-electron configurations of the atoms Rb (4p65s1) and Te
(5s25p4) are used in generating the ultrasoft pseudopotential [16]. The fractional occupation of
each electronic state is taken into account, which is important near the Fermi level. The energy
functional is minimized using an iterative scheme based on the preconditioned conjugate-
gradient method [17–19], and the electronic charge density is obtained. Then the force acting
on each ion is calculated by the Hellmann–Feynman theorem and the constant-temperature
molecular-dynamics simulation [20, 21] is carried out using the force thus obtained to update
the ionic configuration at the next time step.

The cubic supercell contains 80 atoms. Though we have carried out our simulation for
liquid Rb–Te and K–Te mixtures, we only show here the results for liquid Rb–Te mixtures
because of the lack of space. The simulations are carried out at three Rb concentrations:
RbxTe1−x with x = 0.0, 0.2, and 0.5. The temperatures and densities are (750 K, 0.0272 Å−3),
(710 K, 0.0196 Å−3), and (710 K, 0.0177 Å−3) for x = 0.0, 0.2, and 0.5, respectively. The time
step is taken to be �t = 3.6 × 10−15 s. The plane-wave cut-off energies for the wavefunctions
and the charge density are 8.5 and 55 Ryd, respectively. The physical quantities are obtained
by averaging over about 5 ps after the initial equilibration taking about 2 ps.

3. The atomic structure

In figure 1 we show the calculated structure factors, S(k), for RbxTe1−x with x = 0.0 and 0.2 in
order to compare them with the experimental results [7,13,14]. No experimental measurements
have been reported for x = 0.5. As is seen from the figure, the overall profile of the measured
S(k) of the pure liquid Te is reproduced fairly well by our simulation and the calculated S(k)

for liquid Rb0.2Te0.8 is in good agreement with the experiments. Though there is no structure
on the low-k side of the main peak of S(k), there exists a prepeak at around k = 1.1 Å−1 for
the partial structure factor STeTe(k), which is a so-called first sharp diffraction peak (FSDP).
This FSDP also appears at around k = 1.1 Å−1 for the concentration–concentration structure
factor Scc(k), which suggests some charge ordering in the liquid mixtures.

To examine how the structure changes with increasing Rb concentration in the liquid
Rb–Te mixture, we show in figure 2 the calculated partial pair distribution functions gij(r) for
three Rb concentrations, x = 0.0, 0.2, and 0.5. It is seen from figure 2 that the overall profile
of the measured g(r) for liquid Te is reproduced fairly well by our simulation, in the sense
that there is no well-defined first coordination shell in gTeTe(r) for the liquid Te. When the Rb
concentration is increased, the first minimum of gTeTe(r) becomes deeper, and the first peaks
of gTeTe(r) and gRbTe(r) become higher. As for gRbRb(r), it has broad distribution for both
concentrations x = 0.2 and 0.5, though a plateau around 4.5 Å is recognized at x = 0.5.

To investigate the calculated chain structure of Te in the Rb–Te mixtures in more detail,
we obtained the distribution function for the Te–Te coordination number (n), P(n), as shown
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Figure 1. The structure factor S(k) of liquid RbxTe1−x for (a) x = 0.0 and (b) x = 0.2. The solid
line shows the calculated result. The dashed and dotted lines show the results of neutron diffraction
measurements by Kawakita et al [14] and Takeda et al [7], respectively.

in figure 3, which is calculated simply by counting the number of Te atoms inside a sphere of
radius R (=0.31 nm) centred at each Te atom. P(n) for pure liquid Te is largest at n = 2,
and P(3) is smaller than P(2). For x = 0.2, the P(n)s for n � 3 decrease, and the P(n)s
for n � 2 increase. This suggests that the interactions between Te chains are suppressed by
the presence of alkali elements and that the twofold-coordinated chain structure is relatively
stabilized. This is why a well-defined first coordination shell for the Te–Te pairs becomes
evident when the Rb atoms are added. For x = 0.5, P(n) has a peak at n = 1, which results
from the large number of Te2−

2 dimers.

4. The electronic states

To investigate the change in the electronic states due to the structural change caused by adding
the Rb atoms in the liquid Rb–Te mixtures, we calculate the electronic densities of states (DOS)
for x = 0.0, 0.2, and 0.5, which are shown in figure 4. The origin of the energy is taken to be
the Fermi level (EF = 0). It is seen from figure 4(a) that the DOS is larger around EF, i.e. pure
liquid Te is metallic. As shown in figures 4(b) and 4(c), a dip at EF in the DOS arises from the
presence of Rb atoms, and the dip becomes deeper with increasing Rb concentration, which
is consistent with the observed concentration dependence of the electrical conductivity [14].
Thus, we have succeeded in reproducing the metal–semiconductor transition in liquid Rb–Te
mixtures with our ab initio MD simulations. It is found by decomposing the total DOS into
the partial DOS that there are almost no states arising from the Rb 5s states, which means that
almost complete charge transfer from Rb to Te occurs in the liquid Rb–Te mixtures.

In order to investigate the spatial distribution of transferred charge in the Te chains, we
calculate the excess charge in the Te chains transferred from Rb atoms as

�ρ(r) = ρ(r) − ρTe(r) − ρ
4p
Rb(r)
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Figure 2. The partial pair distribution functions gij(r) of liquid RbxTe1−x for (a) x = 0.0,
(b) x = 0.2, and (c) x = 0.5. The solid, dashed, and dotted lines show the calculated results for
the Te–Te, Te–Rb, and Rb–Rb partial pair distribution functions, respectively.

Figure 3. The Te–Te coordination number distribution function P(n) of liquid RbxTe1−x for
x = 0.0, 0.2, and 0.5. The lines are drawn as guides to the eyes.

where ρ(r) is the charge-density distribution for the liquid Rb–Te mixtures, ρTe(r) is the
charge-density distribution obtained from a self-consistent electronic states calculation for a



Metal–semiconductor transition in liquid-alkali–Te mixtures A193

Figure 4. The electronic densities of states (DOS) of liquid RbxTe1−x for (a) x = 0.0, (b) x = 0.2,
and (c) x = 0.5. The origin of the energy is taken to be the Fermi level.

system containing only Te atoms which is obtained from the atomic configuration of the Rb–Te
mixture by removing Rb atoms only, and ρ

4p
Rb(r) is the charge-density distribution obtained

by superposing the 4p electron-density distribution around Rb+ ions. When we investigate
the spatial distribution of �ρ(r) for x = 0.5, a ‘dumb-bell-shaped’ distribution around a pair
of Te atoms is obtained, which was suggested by Fortner et al [11]. On the other hand, for
x = 0.2, �ρ(r) distributes non-uniformly in the Te chains. To understand this feature in more
detail, we define the total excess charge, �Ni , for the ith Te atom as

�Ni =
∫

|r−ri |�D

dr �ρ(r − ri )

where ri is the position of the ith Te atom and D the radius of a sphere centred at each Te atom,
and investigate the relation between �Ni and the Rb–Te distance RRb−Te

i , which is defined as
the distance from the ith Te atom to its nearest Rb atom. It is found that �Ni increases with
decreasing RRb−Te

i . Thus, in the case of x = 0.2, the distribution of the excess charge in the
Te chains is very sensitive to the positions of neighbouring alkali atoms.

5. Summary

The structural and electronic properties of liquid RbxTe1−x mixtures with x = 0.0, 0.2, and 0.5
have been studied by ab initio MD simulations. The calculated S(k) and g(r) are in reasonable
agreement with the experimental results. The calculated electronic density of states (DOS) for
liquid Te shows that the system has metallic properties. When the Rb atoms are added, a dip at
EF in the DOS appears, and the dip becomes deeper with increasing Rb concentration, which
means that the metal–semiconductor transition in liquid Rb–Te mixtures has been successfully
reproduced by our ab initio MD simulations. This metal–semiconductor transition is closely
related to the structural change in the Te chain. For x = 0.2, the interactions between two Te
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chains are suppressed by the presence of alkali elements, and as a result the twofold-coordinated
chain becomes more stable. For x = 0.5, more than half of the Te atoms form Te2−

2 dimers.
We conclude from the calculated DOS that almost complete charge transfer from Rb to Te
occurs in the mixtures. At smaller Rb concentration, the excess charge transferred from Rb
atoms distributes non-uniformly in the Te chains, according to the positions of neighbouring
Rb atoms. At the equiatomic mixture, the excess charge has a ‘dumb-bell-shaped’ distribution
around a pair of Te atoms as predicted by Fortner et al [11]. See Shimojo et al [22] for full
details of this study.
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