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Abstract. The partial structure factors and pair distribution functions for liquid Ag, Te have been
measured using the method of neutron diffraction and isotopic substitution. The partial structure
factors are consistent with a melt in which the predominant interactions are ionic in nature and in
which the small Ag* ions are highly disordered and move rapidly through a more ordered Te>~
sub-structure. A detailed comparison has been made between the structure of this liquid and that
of liquid Ag,Se. It is observed that the main structural features of the two liquids are similar but a
significant difference is observed in Saga¢(Q). The differences in the electronic properties of the
two liquids are discussed in light of these results.

1. Introduction

The silver chalcogenides Ag,X (X = S, Se and Te) are materials of considerable fundamental
and technological interest in both their solid and liquid states. In their solid phases they are
all fast-ion conductors at moderate temperatures (Ag,S (452 K), Ag,Se (406 K) and Ag,Te
(423 K)) due to the motion of Ag* ions through the chalcogenide lattice (Kobayashi 1990).
However, unlike the similarly structured silver halides they also show a significant electronic
conductivity (Hasegawa 1985). The significant electronic conductivity is also maintained in
the liquid phase (Dancy 1965, Schnyders et al 1997). However, liquid Ag,Se and Ag,Te
show quite different behaviour in their electronic properties in the liquid phase. Ag,Se and
Ag,Te both melt directly from their fast-ion phases at temperature of ~1173 and ~1223 K
respectively. Ag,Te has a conductivity of o = 250 Q7! cm~! at 1273 K and has a positive
temperature coefficient of conductivity do/dT . In contrast Ag,Se at 1273 K has a conductivity
of o = 400 Q' cm™! yet shows a negative temperature coefficient of conductivity do/dT.
In both cases the thermopower and conductivity data for these liquids suggest that they are
both narrow definition liquid semiconductors (as described by Enderby and Barnes (1990))
with a conductivity gap AE ~ 0.0 eV. In a detailed study of the electronic properties of liquid
Ag,Se Ohno et al (1994) conclude that the electron mobility is unusually high when compared
with that of Ag,Te—a conclusion supported by the Hall effect measurements of Glazov et al
(1986). The reason for the high mobility is not clear but it has been suggested (Fortner et al
1995) that the high ion mobility in the solid may be responsible in a manner outlined by
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Table 1. Neutron scattering parameters used in the data analysis.

o4 (at 0.7 A)
Isotope b (fm) (barns) o, (barns)

nrAg  5974+0.04 24.6+02 4.99 +0.03
07Ag  7.64+0.04 146405 7.44 +0.09
19A¢ 4194003 354404 2.5540.06
nal e 5804003  1.5840.02 431+0.10
122Te 3.8+0.2 0.97+0.12 1.8340.16

Ramasesha (1982) and Huberman (1974). In a recent paper (Barnes et al 1997) we reported
detailed measurements of the structure of liquid Ag,Se at the partial structure factor level
and compared the results with molecular dynamics (Rino et al 1988) and ab initio molecular
dynamics simulations (Kirchhoff et al 1996). The results supported the belief that the material
can be broadly understood as a molten salt of Ag* and Se’~ ions with some screening of the
bare charges due to the mobile electrons. The agreement between the experiment and the
computer simulations was excellent apart from Ssg4,(Q), that showed significant differences
when compared to the computer simulations. It was suggested that the differences in Syg4,(Q)
and the dynamics of the Ag* ions in the liquid may be significant when trying to understand
the electronic properties.

In this paper we present results of a neutron diffraction and isotopic substitution experiment
to determine the partial structure factors of liquid Ag,Te. This is an important material to
compare with Ag,Se as its electronic behaviour is more ‘normal’ yet the main difference
between the two materials is the slightly larger ion size of the Te>~ ion. In a future paper we
will consider the Ag* dynamics, as determined by coherent quasi-elastic neutron scattering
for both of these liquids.

2. Experimental procedure

An experiment to measure the partial structure factors of liquid Ag,Te at 1273 K was carried
out using the D4B diffractometer at the High Flux Beam Reactor at the Institut Laue-Langevin
France. Three isotopically labelled samples (1% Ag, "¥Te, "' Ag, "' Te and '’ Ag, ?*Te) with
amass of 2 g were prepared by mixing the pure elements in a quartz tube and mixing the samples
at 1350 K for 24 hours. After cooling, the samples were transferred to thin walled quartz tubes
with an internal diameter of 3 mm and a wall thickness of 0.5 mm. The experimental method
and data corrections applied to the sample scattering were identical to those employed for the
experiment on liquid Ag,Se reported in a previous paper (Barnes ef al 1997). These samples,
as in the case of liquid Ag,Se, showed a tendency to form small bubbles when melted and a
similar renormalization procedure of the data was used to bring the calculated F(Q) values
to their correct high Q limits. In all cases this correction was less than 5% on the initially
determined F(Q) values and was consistent with the estimated bubble volume in the sample.
The incident neutron wavelength was 0.7 A and the values of the bound scattering length b,
absorption cross-section o, and scattering cross-section oy used in the data analysis are given
intable 1. The neutron scattering lengths and cross-sections for silver and tellurium were taken
from Koester and Knopf (1980) and Koester ez al (1986) respectively. The thermal absorption
cross-section of '22Te was taken from Mughabghab (1984). The number density of the sample
was taken as 0.036 A3 as determined self consistently from the scattering data.
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Figure 1. The fully corrected experimental total structure factors for liquid Ag,Te.

3. Experimental results

Figure 1 shows the three total structure factors (F(Q)) obtained after the experimental data
corrections. The errors on the data are of the order of 0.05 barns per point and are indicated
by the statistical noise in the figure.

The scattering matrix for this isotopic combination is

"E(Q) 0.158 0.037 0.154 Sagag(Q) — 1
19F(@) ) =(0.078 0.037 0.108 Stere(Q) —1 .
1 F(Q) 0.259 0.016 0.130 Saere(Q) — 1
The inverse of this matrix that gives the partial structure factors is
Sagag(Q) —1 —222 169 123 "LE(Q)
Stere(Q) —1 | =1 129.0 140.0 36.7 9FQ) ).
Sagre(Q) — 1 60.7 =514 21.6/ \|\%F(Q)

This matrix has a normalized determinant |A, | = 0.015 (Edwards et al 1975) that is slightly
smaller than that obtained in the case of liquid Ag,Se but still sufficient to obtain reasonable
quality partial structure factors. A previous experiment on liquid T1Se (Barnes et al 1998) with
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Figure 2. The experimental partial structure factors Ste7.(Q), Sagag(Q) and Sagr.(Q). The
error bars indicate the statistical errors on the data points. The solid lines are the smoothed S(Q)
obtained by using a cubic spline fit to the data points.

|A] = 0.005 was at the limit of the D4B statistics although the newer generation of instruments
(DAC (at the ILL) and GEM (at ISIS, UK)) may see this figure approach closer to |A| = 0.002.
Figure 2 shows the partial structure factors of liquid Ag, Te as obtained from the total structure
factors by direct use of the inverse matrix above. The measured partial structure factors fully
satisfy the sum rules and inequality relations given by Edwards et al (1975). The relatively
poor statistical accuracy of S7.7.(Q) is a direct consequence of the conditioning of the inverse
matrix above. Figure 3 shows the inversion of the total structure factors into the corresponding
Bhatia—Thornton structure factors (Bhatia and Thornton 1970). In this case it can be noted
that as the scattering lengths of natural Ag and natural Te are almost the same so 24/ F (Q) is a
direct measurement of Sy (Q).

Figure 4 shows the partial radial distribution functions obtained from the partial structure
factors shown in figure 2. The grey line is the direct Fourier transform of the raw partial struc-
ture factors and the solid black line that obtained after Fourier transform of the partial structure
factors fitted with a cubic spline. Each of these oscillates around the correct low r limit confirm-
ing a satisfactory inversion procedure. A summary of the pertinent structural features for liquid
Ag,Te (this work) and a comparison with liquid Ag,Se (Barnes et al 1997) is given in table 2.
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Figure 3. The experimental Bhatia-Thornton partial structure factors SE7 (Q).

Table 2. Interatomic distances and coordination numbers in liquid Ag,Te (this work) and liquid
Ag,Se (Barnes et al 1997). The distance for the first minimum r,,;, in the coordination number
calculation is indicated in parentheses.

First-peak distance ~ Second-peak  Coordination number

2ij(r) A) distance (A) 71 (rmin (A)
Ange
grere(r)  4.83%0.1 82+05 10.0 £0.5 (5.5)
gagTe(r)  2.88+0.05 6.5+0.3 11.3+0.5(5.0)
8agAg(r)  2.8240.05 52405 3.94+0.53.2)
AgySe
gsese(r)  4.610.1 8.1+0.3 13.0£0.5(5.3)
8agse(r)  2.60%0.05 62405 9.34+0.5(4.3)
8agAg(r)  2.80%0.05 50+£05 53+£0.5(3.4)

4. Discussion

4.1. The comparison between liquid Ag,Se and Ag,Te

The structure of liquid Ag, Te shows close similarities to that of liquid Ag,Se. Using the same
arguments suggested for liquid Ag,Se (Barnes et al 1997) we therefore conclude that this
liquid can similarly be understood as an ionic melt of Ag™ and Te?~ ions. However, there are
subtle differences in the observed structure of Ag,Se and Ag,Te that may be of significance
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Figure 4. The g(r) obtained from the S(Q) shown in figure 2. The darker lines are the Fourier
transforms of the smoothed S(Q), and the lighter lines the Fourier transforms of the unsmoothed
S(Q). The inset shows the smoothed g(r) superimposed on the same axis.

in understanding the differences in the electronic properties of the liquids. Figure 5 shows a
comparison of the partial structure factors of liquid Ag,Se previously reported and those of
Ag,Te reported here. It can be seen, apart from the poorer statistical accuracy, that S7.7.(Q)
is very similar to Ss.s.(Q) with a small displacement in the first peak to smaller Q that is
consistent with the slightly larger size of the Te?~ ion. Saere(Q) and Sygs.(Q) also show a
very close similarity except a suggestion that the oscillations at high Q in the case of S4,7.(Q)
appear to be slightly stronger possibly indicating a stronger real space coordination structure
(higher and sharper peaks) in the case of Ag,Te. A very notable difference is observed in
Sagag(Q) between the two materials. Both materials show a ‘double peak’ structure, but
the first peak is reduced in intensity and the second peak stronger in intensity in the case of
Ag,Te when compared to Ag,Se. Barnes et al (1997) made a detailed comparison between
the experimental partial structure factors of liquid Ag,Se and those obtained by a molecular
dynamics simulation (MD) (Rino et al 1988) and ab initio molecular dynamics simulation
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Figure 5. A comparison of the experimental S(Q) for liquid Ag,Te (lighter lines) with those
determined by Barnes et al (1997) for liquid Ag,Se (darker lines).

(AIMD) (Kirchhoff et al 1996). It was noted that there was a strong difference between the
two simulations in Sg4,(Q). In the case of the MD simulation this strong double peak was
well reproduced whereas in the case of the AIMD simulation it was almost totally absent. From
these observations it was concluded that the AIMD simulation failed to reproduce the first peak
due to the limited size of the simulation cell—that is this first peak in S,4,(Q) originates
from correlations on the intermediate length scale. Similarly we argue that the reduction of
the height of the first peak in S,4,(Q) in liquid Ag,Te signifies a significant difference in the
Ag—Ag structure on the intermediate length scale when compared to Ag,Se. At the present
time we do not know of any computer simulations that have been carried out for liquid Ag,Te
with which to make a direct comparison. A summary of the peak positions and coordination
numbers obtained from the data is given in table 2.

Figure 6 shows a comparison of the Bhatia—Thornton structure factors between Ag,Te
and Ag,Se. These are very similar which again indicates the structure of the two materials
is broadly the same. In the case of Syn(Q) (equivalent to the case when all atoms scatter
equally i.e. the scattering lengths of the two components are equal) the small shift to smaller
Q is consistent with the slightly larger size of the Te>~ ion. The Syy (Q) is well defined as it
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corresponds almost entirely to the scattering from the sample made from the natural isotopic
abundances. However, it is noticeable that the oscillations are much stronger at higher Q in
the case of Ag,Te. Again, this is indicative that the coordination structure is stronger in this
liquid. In the case of Syc(Q), it is noticeable that the dip at 1.8 A-lis deeper in the case of
Ag,Te. This peak is exactly at the position of the first peak in Ssz4,(Q) and accounts for the
reduction in its size as observed for Ss,4,(Q) in Ag,Te. In contrast, there is little observable
difference in Scc(Q) between the two liquids given the limited statistical accuracy for the
Ag,Te sample.
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Figure 6. The experimental Bhatia—Thornton S(Q) for liquid Ag,Te (darker lines) and liquid
Ag,Se (lighter lines). Results for Ag,Se from Barnes et al (1997).

Figure 7 shows a comparison of the partial radial distribution functions of liquid Ag,Se
and Ag,Te. It can be seen that there is a close similarity between gs.s.(r) and grer.(r). The
movement of the first peak from 4.6 A to 4.8 A is fully consistent with the change in ion size on
changing from Se>~ to Te?~ (1.91 A to 2.11 A). The peak also appears slightly sharper in the
case of Ag,Te and accounts for the lower coordination number obtained (there is is less overlap
with the second shell). However, in the other g;;(r)s there are more noticeable differences.
In gags.(r) the first peak occurs at a distance of 2.6 A and is noticeably asymmetric with a
further shoulder at a distance of 3.8 A. In the case of 8agre(r) the first peak is further out, again
consistent with the larger Te?>~ ion size. The first peak also appears more symmetric with a
further small distinct peak at 4.3 A instead of the shoulder observed in g AgSe(r). This peak
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appears to be robust in the Fourier transform and we do not believe it to be an artefact due to
termination errors in S,7.(Q). The first shell coordination numbers obtained by including this
shoulder (in Ag,Se) and the small peak (in Ag,Te) give comparable results given the difficulty
in defining the first minimum in g(r) in this case. The g4, (r) for the two materials show a
marked difference. The first peak occurs at 2.8 A in both liquids and corresponds closely to
the Ag—Ag distance in liquid Ag itself. It appears that the slightly larger ‘anion cage’ of liquid
Ag,Te does not affect this distance. The peak is also sharper and higher in Ag,Te suggesting
that the Ag is more strongly coordinated and/or less mobile in the telluride than in the selenide.
The difference is even more marked in the second peak. In the telluride a very distinct peak is
observed at 5.2 A whereas in the selenide this peak is broader, less well defined and at a closer
distance. The Ag—Ag coordination number in Ag,Se appears slightly higher (5.3 against 3.9)
but in both cases the first minimum is relatively shallow such that the coordination number is
a poorly defined quantity (we have defined the coordination number by integrating to the first
minimum in g(r)). Overall for Ag,Se gaga,(r) is less structured suggesting that the Ag* ions
are more mobile or spread over a larger number of ‘local sites’ than in the case of the telluride.
Beyond ~6 A, that corresponds to the unit cell of the crystals, the structure in g Agag () has
essentially disappeared in both cases.

10

gAgSe and AgTe (1) (+6)

g(r)

gSeSe and TeTe(r) (+3)

0 5 10 15 20
/A

Figure 7. A comparison of the experimental smoothed g(r) for liquid Ag,Te (darker lines) with
those determined by Barnes et al (1997) for liquid Ag,Se (lighter lines).
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4.2. The comparison between liquid and y-Ag>Te

In the solid state Ag,Te shows two superionic phases—a-Ag,Te that exists in the range
~410-1000 K and y-Ag,Te that exists above ~1000 K until it melts at ~1223 K (Schneider
and Schulz 1993, Kobayashi et al 1988). The precise transformation temperatures depend
strongly on the stoichiometry of the crystal. Figure 8 shows a comparison of the partial g(r)s
of liquid Ag, Te obtained in this work compared with those of y-Ag, Te at 1073 K determined by
Keen and Hull (1998) using powder diffraction and reverse Monte Carlo methods. y-Ag,Te
is a fast ion phase in which the Ag* ions are highly mobile and move through a b.c.c. Te
crystalline lattice. It can be seen that there is a remarkable similarity between gag4,(r) in the
liquid and fast ion phases suggesting that the silver structure is largely unchanged on melting.
The first shell coordination of Te around Te in gr.7.(r) is also little changed between the
liquid and the solid but the effects of the melting of the Te lattice are clearly observed in the
loss of structure in g7.7.(r) above 8 A in the liquid. It is interesting to note that the second
peak in gr.r.(r) for the liquid shows a significant shift to smaller » than that of the crystal
and is at a distance closer to the shoulder on the left hand peak in the crystalline g(r). In the
case of ga.7.(r) there is a good agreement in the height and width of the first peak in g(r)
between the liquid and crystal. The second peak at ~6 A is also at a slightly smaller distance
than that observed in the crystal. The main distinction between the two g(r) is the small peak
observed at ~4.3 A in the liquid. This is totally absent in the crystal data as can be seen in
figure 8. As discussed in section 4.1 this could possibly be an artefact in the Fourier transform
to g(r). However, it should be noted that a similar shoulder exists to the right of the first peak
in gagse(r) in liquid Ag,Se. In the high temperature b.c.c. fast-ion crystal (y-Ag,Te) a peak
at this distance is not observed experimentally and no Ag—Te correlation at this distance is
predicted from the crystal structure (Keen and Hull 1998). In the crystal a distance of 4.3 A
corresponds to a distance somewhere between the trigonal sites at ~3.75 A and the tetrahedral
sites at ~4.75 A. Keen and Hull observe that the Ag* ions occupy predominantly the tetrahedral
sites with some tendency for the Ag* density to spread toward the trigonal sites in the crystal.
Indeed it is the motion of Ag™ ions between the tetrahedral and trigonal sites that accounts for
the fast-ion motion. On melting y-Ag,Te it appears that the local b.c.c. Te structure relaxes
to such an extent as to blur the distinction between the trigonal and tetrahedral sites such that
the favoured Ag—Te correlation lies somewhere between the mean of the two—i.e. ~4.25 A.
Such a distortion would account both for the shoulder observed in g4gs.(7) in liquid Ag,Se
and this small peak observed in g4,7.(r) in liquid Ag,Te.

4.3. The relationship between the structure and electronic properties of the melt

As described in the introduction liquid Ag,Se and Ag, Te show contrasting electronic properties
in their liquid phases just after melting, the most notable difference being the change in the sign
of the temperature coefficient of the conductivity do/dT, which is negative (and metallic-like)
in liquid Ag,Se. The results presented here confirm the observation of Price et al (1993) that
the structure of liquid Ag,Te and Ag,Se appear very similar at the fotal structure factor level.
However, it is clear from these measurements that there are small but significant differences in
the partial structure factors of the two materials. This is particularly noticeable in Syg4,(Q)
and gag.4,(r) where the silver structure appears to be stronger in the short range (sharper and
higher peaks) in Ag,Te. Both Ag,Te and Ag,Se are known to be fast ion conductors in their
solid phases before melting. The stronger Ag* coordination (characterized by the higher and
sharper peaks in g(r)) of the telluride found in this work is suggestive of a slower diffusion
mechanism in which the Ag* ions are resident for longer in their near neighbour coordination
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Figure 8. The experimental g(r) for liquid Ag, Te (darker lines) compared to those determined by
an RMC simulation (lighter lines) of total neutron scattering data for y-Ag,Te (data from Keen
and Hull 1998).

environment. We are currently in the process of verifying this postulate by directly measuring
the diffusion mechanism in both Ag,Se and Ag,Te in their fast ion and liquid phases by
coherent quasi-elastic neutron scattering experiments. A slower diffusion of Ag* in liquid
Ag,Te would be consistent with the suggestion that the unusual electronic properties of these
liquids may be linked to the ion motion in the manner outlined by Ramasesha (1982) and
Huberman (1974).

5. Conclusions

We have performed measurements of the structure of liquid Ag,Te to the partial structure
factor level using neutron scattering and isotopic substitution. A detailed comparison between
liquid Ag,Se and Ag,Te shows that the two materials have broadly similar structures with
features closely related to that of 2:1 molten salts. The anion—anion structure factor and radial
distribution function in both liquids are very similar and the differences can be understood in
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terms of the different sizes of the Se*~ and Te2~ ions. In contrast, the cation—anion and cation—
cation partial structure factors and partial radial distribution functions show differences, most
notably a stronger short range order in liquid Ag,Te. We tentatively associate this enhanced
short range structure with a decreased mobility of the Ag* ions in Ag,Te. It is suggested that
the subtleties in the silver structure and mobility between Ag,Te and Ag,Se are responsible
for the difference in the electronic properties of the two liquids. Detailed measurements of the
silver diffusion in these liquids using coherent quasi-elastic neutron scattering are in progress
in order to measure directly the nature of the diffusion mechanism. It would be interesting to
see if computer simulations of the structure of liquid Ag,Te reproduce the observed difference
in its structure compared to Ag,Se.
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