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Abstract The electronic conductivity in liquids Ag-S and
Ag-Se systems exhibits a maximum and a negative temper-
ature derivative at the stoichiometric composition Ag,S and
Ag,Se. In a similar alloy, Cu chalcogenides and other liquid
semiconductors, such anomalies have not been observed. In
the present paper, a model that explains the origin of the
anomaly is presented. It is suggested that the anomalous
behavior is controlled by the connection between the second
nearest neighbor orbitals. Such connection depends on the
electronegativity difference between the constituent elements
of the system and is intimately related with the superionic
behavior that these materials exhibit in the solid phase.
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Introduction

Among the various classes of liquid semiconductors, the
systems Ag—S and Ag—Se exhibit unique electronic proper-
ties. It has been discovered that the electronic conductivity,
g, of these systems shows a maximum at the stoichiometric
composition Ag,S and Ag,Se [1, 2]. At the same composi-
tion, the temperature derivative of g, is also found to be
negative [1, 2]. In contrast, other liquid semiconducting
alloys show a minimum in ¢, at the stoichiometric compo-
sition and the temperature derivative of o is positive [3].
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In order to understand the origin of these unusual behavior,
various properties have been measured [1, 2, 4-6]. Theo-
retical studies concerning the electronic structure of liquid
silver chalcogenides have been also published [7, 8]. How-
ever, the mystery remains unsolved.

It is well known that silver chalcogenides and related
copper chalcogenide compounds transform to the so-called
superionic conducting phase before melting [9]. The super-
ionic phase is characterized by its high ionic conductivity,
with an order of magnitude as is usually found in molten
salts. There, the large ionic conductivity is due to the
movement of one part of ions between sites in the immobile
ion structure. In the case of silver (copper) chalcogenides, the
mobile species are Ag(Cu). Concerning the origin of super-
ionic transport, the author has suggested that a change of
bonding which occurs locally and fluctuates in time is
playing an important role [10, 11]. By considering such bond
fluctuation processes, satisfactory explanation has been given
for many properties observed in superionic conductors [10-14].
Pseudopotential studies of bonding [11, 14] and ab initio
molecular dynamics studies [15, 16] support the existence
of such bond fluctuation processes in superionic conductors.

The aim of the present paper is to investigate if the
unusual electronic properties observed in liquids Ag,S and
Ag,Se are related to the superionic properties of these
compounds. By reinterpreting the reported data up to now
in the light of bond fluctuation processes mentioned above,
it will be shown that such is the case.

Composition dependence of the ionic conductivity
and the viscoelastic theory

Before discussing how it is possible to give an explanation
to the unusual electronic properties observed in liquids
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Ag,S and Ag,Se, it will be convenient to look the com-
position dependence of the ionic conductivity. Based on the
observations that superionic conductors such as silver
chalcogenides exhibit an intermediate behavior between
solids and liquids, the interpenetrating two fluid model for
the superionic melt has been proposed [17]. This visco-
elastic model has been applied successfully to describe the
composition dependence of sound velocity [17], collective
modes [18], atomic transport properties in binary [19] and
ternary [20] systems. One relevant prediction from such a
model that is related with the present study is the compo-
sition dependence of the diffusion coefficient in liquid
Ag-Se system [19]. As shown in Fig. 1, the model predicts
that the diffusion coefficient will exhibit a maximum at the
stoichiometric composition Ag,Se. This prediction is con-
sistent with the measured behavior of the composition
dependence of the ionic conductivity in liquid Ag—Se
shown in the inset [21]. It should be noted that the peak at
the stoichiometric composition appears when the Thomas—
Fermi screening wave number Ktg or the electronic num-
ber concentration is decreased. This behavior provides a
useful insight in the construction of the model presented in
this paper as will be shown later.
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Fig. 1 Composition dependence of the normalized diffusion coeffi-
cient D(3)/D(0) in liquid Ag,, sSe as a function of the deviation from
the stoichiometric composition ¢ [19]. The calculated values for two
values of Thomas—Fermi screening wave number Ktg are shown. The
inset shows the experimental results of the ionic conductivity [21].
The stoichiometric composition é = 0 corresponds to x = 0.667
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Mechanism of superionic transport
and the electronegativity difference

According to the bond fluctuation model of superionic
conductors mentioned in the “Introduction” section, in
compounds such as Agl, Cu halides, Ag and Cu chalco-
genides, the high ionic mobility results when the ionic
bonded sites emerge as a fluctuation in the covalent bon-
ded matrix. That is, the mobile ion dynamics is accom-
panied by the change of the electronic cloud distribution.
Since the site where the change of bonding occurs is
unstable, its propagation triggers new bond fluctuating
sites, which result in the correlated ion movements [10, 11].
This kind of ion dynamics has been firmly confirmed by
ab initio molecular dynamics studies [15]. In Fig. 2, a
snapshot of the atomic dynamics in Cul is shown when the
Cu atom is in the tetrahedral site and in an octahedral site.
Measurements of the temperature dependence of the
dynamical effective charge in Agl and Ag;SI [12] have
indicated that the ionicity of the compound increases in the
superionic phase. Comparative studies of bonding in var-
ious compounds by using a pseudopotential method, also
support the view that ionic bonded sites are induced easily
in superionic compounds such as Agl and Cu halides than
in non-superionic compounds such as GaAs, InSb, ZnSe,
etc. [11, 14]. The mechanism of ion transport suggested by
the bond fluctuation model [10, 11, 14] is also in agree-
ment with the result of a recent study that suggests the
importance of structural flexibility in the ion transport
processes [22].

The chemical trend in the charge transfer from one atom
to another within a condensed system can be obtained from
the electronegativity difference between the elements of
the system. The electronegativities of the elements as
reported by Phillips [23] and the electronegativity differ-
ence of Cu(Ag,Tl)-chalcogen are shown in Table 1. The
system Tl-chalcogenides is included here for comparison.
The liquid Tl-chalcogenides shows behavior typical of
liquid semiconductors in their electronic properties [3].

Tetrahedral site Octahedral site

" Covalent

ITonic

Fig. 2 Isosurface of electron density around the Cu ion at the
tetrahedral and octahedral sites [15]
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Among the systems tabulated in Table 1, Ag-S and
Ag-Se have large differences in electronegativity. That is,
the bonding in these two systems is more ionic than the
others. This means that in Ag—S and Ag—Se, the covalent to
ionic bond fluctuation that occurs locally is induced more
easily. An immediate consequence of this induction is that
the ionic conductivity will decrease as the electronegativity
difference decreases due to a decrease in the magnitude of
bond fluctuations. The pertinence of this statement is ver-
ified experimentally in the solid phase [24]. In the liquid
phase, the same conclusion is expected to apply, because
the chemical trend is not expected to differ from that of the
solid state. Moreover, if a system has a strong tendency to
be a superionic conductor, it will show a strong tendency to
sublattice ordering even in the liquid phase [25], and
consequently, the temperature derivative of the ionic con-
ductivity might be positive as in the superionic phase. On
the other hand, if a system has a weak tendency to be a
superionic conductor, the bond fluctuation is less effective
in moving the ions, and consequently, the ionic conduc-
tivity in the liquid phase will decrease with the increase of
temperature. Among the materials given in Table 1, Ag—S
and Ag-Se are the systems which show strong tendencies to
become superionic conductors, because their large elec-
tronegativity difference favors bond fluctuations. Experi-
mental study on ionic conductivity in the liquid phase has
revealed that ¢;(Ag,S) > a;(Ag,Se) > g;(Ag,Te) and that
doi(AgyS)/dT > 0, doy(Ag,Se)/dT > 0, doy(Ag,Te)/dT < 0
[26]. These behaviors are consistent with the discussions
given above.

To avoid misunderstanding, a comment is given here.
The statement that large electronegativity difference favors
bond fluctuation and leads to superionic behavior is valid
for four-fold coordinated compounds such as Ag(Cu)
chalcogenides. It does not apply for instance to NaCl,
which has a larger electronegativity difference than silver
chalcogenides, but is a six-fold coordinated compound [10,
11, 14]. Moreover, in the solid phase, such four-fold

Table 1 Electronegativity values [23] and the electronegativity
differences/Ay

Electronegativity A = Yanion — Xcation

scu = 0.79 Aycus = 1.08

Aag = 0.57 Aycu-se = 1.00

s = 0.94 Aycu-te = 0.68

xs = 1.87 Ajpgs = 1.30

rse = 1.79 Ajngse = 1.22

yre = 1.47 Ayag-te = 0.90
Ayris = 0.93
Ayri_se = 0.85
Ayrite = 0.53

coordinated compounds must show a structural instability
under the action of relatively small external pressure (less
than ~ 30 kbar) [10].

Model for the anomalous electronic properties

A schematic view of the evolution of energy diagram in a
metal-chalcogenide system is illustrated in Fig. 3 for the
case of Ag—Se system. As Se is introduced into the Ag
matrix, the formation of covalent Ag—Se bonds takes place,
and near the stoichiometric composition, the energy dia-
gram as illustrated in Fig. 3 is formed. Note that near the
stoichiometric composition, the energy diagram is similar
to that of doped semiconductors [27]. Since Ag,.s and
Ag,_; behave as n- and p-type semiconductors, respec-
tively, a n—p transition is expected to occur near the stoi-
chiometric composition Ag,Se. Indeed, experimentally, the
thermoelectric power in liquid Ag,_,Se, is found to change
sign from negative to positive around the stoichiometric
composition [2].

The electronic conductivity is given by o, = nep, where
n is the number density of carriers, e is the electronic
charge, and p is the mobility. Based on this expression, the
maximum of ¢, observed in liquids Ag,S and Ag,Se is
traced back to the increased value of the mobility at the
stoichiometric composition. The alternative possibility,
that is, the increase of n seems unphysical, because at the
stoichiometric composition the chemical stability due to
charge transfer within the compound is maximized and the
number of carriers decreases.

The problem is why the mobility in liquids Ag—S and
Ag-Se increases at the stoichiometric composition. The
mobility is given by p = et/m, where t is the relaxation
time and m is the effective mass of the carriers [27]. The
mobility in a condensed phase is intimately related with the
interaction between atomic orbitals of the constituent
atoms. If the overlap of orbitals is large, the effective mass
will be small and it will give a large value of mobility.

Studies based on the bond orbital model have revealed
that the curvature of the valence band is governed by the
interaction between second nearest neighbor orbitals [28].
Since the effective mass is intimately related with the cur-
vature of the band, the mobility of carriers is controlled by

Ag Ag, .Se Ag,Se Ag, ;Se Se

c.b.

l.p.b.

Fig. 3 Schematic representation of the energy diagram in the system
Ag-Se
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the interaction of such orbitals. In order to see more clearly
this effect, an example is shown in Fig. 4 for the case of
antifluorite structure. This structure resembles the structures
of f-Ag,S, a-Ag,Te, a-Cu,S, and a-Cu,Se in the superionic
phases [9]. In Fig. 4, the bonding orbitals and their inter-
actions up to second nearest neighbor are also shown. Here
M and X represent the metal and chalcogen atoms,
respectively. The metal is surrounded by four chalcogens
[4, 9], while the chalcogen is assumed to bind with two
metal atoms based on valence arguments. In the notations of
Fig. 4, the interactions V and V4 control the mobility.
Strictly speaking, the above discussion is valid for a
crystal in the solid state. However, since the short range
structure of liquids and solids is similar, the above picture
can be applied also to liquids. In the liquid phase, due to a
large thermal disturbance, the connection of the orbitals to
those of the second, third, ...nearest neighbor atoms is
diminished. That is, as far as the second nearest neighbor is
concerned, the magnitudes of the interaction parameters V
and V4 decrease with temperature. It is at this point that the
peculiarity of Ag,S and Ag,Se enters. In order to make the
comprehension easy, consider the Fig. 5a. Here M and X
represent Ag and chalcogen, respectively. A successful
connection of X to another M will depend on the probability
to find an atom M in the hatched region. In other words, the
mobility of electronic carriers which is controlled by the
percolation of interaction between second nearest neighbor
orbitals, increases with the coordination number of M
around M. In the cases of Ag,S and Ag,Se (compounds with
large electronegativity difference), the bond fluctuation that
persists in the liquid, results in a high Ag ion mobility and
leads to a large probability to find a Ag ion in the hatched
region. On the other hand, if the electronegativity difference
is not so large as in Ag,Te, the bond fluctuation is less
frequent and the ionic mobility decreases. This results in the
decrease of probability to find a Ag ion in the hatched region
when compared with Ag,S and Ag,Se. That is in Ag,Te
(and other ordinary liquid semiconductors), the probability
of path formation for the electronic carriers through the

Fig. 4 Antifluorite structure of a M,X compound. M and X indicate
the metal and chalcogen atoms, respectively. The interaction between
the bonding orbitals up to second nearest neighbor is shown
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connection of orbitals is diminished when compared with
Ag,S and Ag,Se. Related to this view it can be said that in
the case of Ag,Te, the strong directed bond which results
from its covalency decreases the probability of finding an
Ag ion in the hatched region. The situations discussed here
are illustrated schematically in Fig. 5b, c. Neutron diffrac-
tion measurements have found that the coordination number
of Ag around Ag is about 10 in liquid Ag,Se and 5.6 in
liquid Ag,Te [4]. These experimental results support the
conjecture given above. From the above discussions it is
now clear, why the electronic carrier mobility in liquids
Ag,S and Ag,Se increases, while in liquid Ag,Te such
effect is not observed [29]. It should be mentioned however,
that recent measurement in liquid Ag-Te system has
detected an anomalous peaked behavior in the electronic
conductivity similar to those observed in Ag—S and Ag—Se
[30]. However, its magnitude is much smaller compared with
those observed in Ag—S and Ag-Se, and the anomalous
negative temperature dependence of the electronic conduc-
tivity near the stoichiometric composition is not observed.
Therefore, the discussions given above remain valid.

Concerning the coordination number of Ag around Ag
mentioned above, it is quite probable that the large number
found in Ag,Se is related with the inhomogeneous Ag
distribution. For the case of liquid Cul, it has been shown
clearly by ab initio molecular dynamics studies that the
distribution of Cu is inhomogeneous [31]. Reflecting this
inhomogeneity, the first peak of the partial pair distribution
of Cu—Cu and Cu-I appears at almost the same distance
[31]. Similar structural characteristics have been also found
in liquid Agl [32] and liquid Ag,Se [16]. This finding could
be incorporated into the model of this paper, whose essence
is represented schematically in Fig. 5a, by considering the
M-M bonds in addition to M—X-M bonds.

Near the stoichiometric composition, the conductivity is
given by
a(0,T) =en(d,T)u(0,T), (1)
where T is the temperature and ¢ is the deviation from the

stoichiometric composition. By noting that near the
stoichiometric composition the system can be considered

Z A
7 x-N-x é 9 Se—A:g—SQ\'J s Te-A:g—Te o
4/// X Ag Se\ Ag ITe Ag
= AFAg Ag
(a) (b) (c)

Fig. 5 a The connection of X to another M depends on the
probability to find M in the hatched region. b The bond fluctuation
leads to an increase of the coordination number of Ag around Ag. ¢
The strong covalency is unfavorable for the bond fluctuations
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as doped semiconductors, the number density of carriers is
written as

n=ng +N0‘5‘, (2)

where ng is the carrier number density at the stoichiometric
composition and N is the number of M ions per formula
unit and per volume unit. The mobility of the carriers
depends on the degree of percolation of the interaction
between second nearest neighbor orbitals as discussed
above. Moreover, such degree of percolation is maximized
at the stoichiometric composition, because at such
composition the chemical stability of the system is
maxima. That is, the length of the connection of the type
....M-X-M-X-M-... is maximum at the stoichiometric
composition. Of course, such connection is fluctuating in
space and in time. This observation leads us to write the
following expression for the mobility in analogy with an
expression of the theory of correlation functions [33].

y PR/

> ()

=po |1+
where L is the value of the mobility at the stoichiometric
composition and in the absence of bond fluctuation pro-
cesses. A is a material parameter that depends on the
electronegativity difference of the constituents and gives
the magnitude of bond fluctuations. It depends also on
temperature as will be described later. The factor
exp(—R'/&) /R’ describes the spatial extent of the connec-
tion of orbitals mentioned above and R’ is the distance. & is
the correlation length.

The electronic carriers which result from the deviation
from the stoichiometry, screen the interactions between the
ions. That is, the strength of the -M—-X-M- connection
diminishes with the deviation from the stoichiometry. In
previous section it was shown that the viscoelastic theory
predicts a peaked behavior in the diffusion coefficient and
that this behavior is confirmed experimentally by the mea-
surement of ionic conductivity. It was also shown that the
peaked behavior depends on the Thomas—Fermi screening
wave number or the electronic carrier number density. The
microscopic origin of such a behavior is traced back to the
strength of the connectivity of -M—X-M-. The strong con-
nectivity originates the correlated ion motion (mediated by
the local electronic cloud distribution change), which results
in the enhanced ionic conductivity. Based on the above
considerations, the correlation length is written as

&=C'/)ol, (4)
where C’ is a constant. Then, Eq. 3 is rewritten as
1= o[l + Zexp(—Cld])], (5)

where A= 2'/R' and C = R'/C’. Inserting Eqgs. 2 and 5
into Eq. 1 we have

a = oo[1 + (No/no)|8[][1 + Zexp(=C]d])], (6)

where a¢ = enguy.

In the absence of bond fluctuation processes, or when
these processes can be neglected (as in ordinary liquid
semiconducting systems) we have by putting A = 0,

a = 0o[l + (No/no)|]]. (7)

The behaviors of Eqs. 6 and 7 are shown schematically in
Fig. 6. Note that although qualitatively, the mysterious
behavior found experimentally [1, 2] is reproduced.

The temperature dependence of the electronic conduc-
tivity can be understood as follows. Since we are viewing
the systems M,X and M, s(M5_s) as intrinsic and doped
semiconductors ,respectively, the number density of carri-
ers can be written as [27]

ng = Aexp(—Ey/kgT),
No|8| = B|0|'*exp(~E;/2ks T), (8)

where A and B are constants, E, is the energy gap of M,X
and E; is the energy level of the impurity in the matrix
M,X. Equation 8 indicates that the number density of
carriers increases with temperature due to thermal
excitations. On the other hand, as the temperature
increases, the connection between second nearest
neighbor orbitals diminishes due to thermal disturbance.
In terms of the interaction parameters of Fig. 4, the
number of bonds described by V, and V4 decreases with
temperature. Therefore, the electronic mobility decreases
with temperature. The decrease of the connection leads to
the decrease in the efficiency of bond fluctuation
processes. Such an effect of the temperature is
described as

-
o

[&)]

0 l L ! ] 1
06 -04 -02 0 02 04 06

Normalized electronic conductivity/c(8)/Go

Deviation from the stoichiometry/d
Fig. 6 Schematic representation of the behavior of electronic con-

ductivity in the presence (solid line) and absence (broken line) of
bond fluctuation processes
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A= Agexp(—aT). 9)

Here, /g is a material parameter that depends purely on the
electronegativity difference of the constituents and o is a
constant. yy depends also on temperature. For instance, in
the solid state, if the dominant electron scattering
mechanism is due to phonons, we have u oc T—3/2 [27].
Here it is assumed that

Ho = GT7t> (10)

where G is a constant and t is a number of order unity.
Inserting Egs. 8, 9, and 10 into Eq. 6 we obtain

o = eGT '[Aexp(—E,/ksT) + B|d|'"*exp(—E; /2ksT)]
- [1 + Zgexp(—aT) exp(—C|d]|)]. (11)

For large |5|, we have u = y,, n ~ No|d| and
o = eBGT'|6|"*exp(—E; /2ksT). (12)

Since the exponential function dominates, the conductivity
increases with the increase of temperature. That is, for
large deviation from the stoichiometry, the temperature
dependence of the conductivity is controlled by the thermal
excitations of the carriers. This is the behavior found in
ordinary semiconductors [3] and in liquids Ag-S and
Ag-Se outside the stoichiometric compositions [1, 2] (for
instance at AgoSesp and AggpSeqp). On the other hand, at
the stoichiometric composition we have

0 = eAGT ' exp(—Ey /kgT)[1 + A exp(—aT)]. (13)

In the absence of bond fluctuations or when these processes
can be neglected, the above equation reduces to

0 = eAGT ‘exp(—E,/kgT). (14)

Equation 14 describes the behavior of Ag,Te [29], Cu,X
(X =S, Se, Te) [34] and other liquid semiconductors that
show usual behavior in the composition dependence of the
electronic conductivity. If the bond fluctuation is present,
the term /g exp(—aT) survives, and originates the negative
temperature derivative of the electronic conductivity
observed in liquids Ag,S and Ag,Se [1, 2].

In this section, a model for the anomalous electronic
properties found in the composition and temperature
dependencies of liquids Ag—S and Ag-Se has been pre-
sented. We have shown how the different materials prop-
erties reported till now can be correlated harmonically. As
far as the author is informed, this is the first model that
explains the anomalous behavior. Thermal analyses have
been performed to study the effect of additives in some
chalcogenide systems [35, 36]. Concerning the system in
consideration, no detailed thermal study has been per-
formed yet. Thermal studies are recommended to gain
further insight into the properties of liquid silver
chalcogenides.
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Conclusions

In the present paper, the origin of the anomalous electronic
properties observed in liquids Ag—S and Ag-Se has been
investigated. It is suggested that the anomalous behavior are
controlled by the connection of the second nearest neighbor
orbitals. Such connection depends on the electronegativity
difference between the constituent elements of the system and
is intimately related to the superionic behavior that these
compounds exhibit in the solid phase. According to the bond
fluctuation model of superionic conductors proposed by the
author, the local change of the chemical bond plays a fun-
damental role to originate the correlated ion dynamics. In the
liquid phase such fluctuations persist, which lead from time to
time to the formation of the connection of the bonds between
the second nearest neighbors mentioned above. The model
presented in the present paper provides also an understanding
of diverse material properties such as temperature depen-
dence of the electronic and ionic conductivities, p—n transi-
tion observed in the thermopower measurement and
structural characteristics. It has been also shown that the
predicted behavior of the composition dependence of the
diffusion coefficient by a viscoelastic theory is in harmony
with the model presented in this paper and with the
experimental result of composition dependence of ionic
conductivity.
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