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Abstract

Powder neutron diffraction and molecular dynamics (MD) simulations have
been used to investigate the structural behaviour of silver sulfide, Ag,S, at
elevated temperatures. Above ~450 K Ag,S adopts the 8 phase in which
the S?>~ possess a body-centred cubic arrangement. Analysis of the neutron
diffraction is in good agreement with the previously proposed structural model
in which the Ag* predominantly reside within the tetrahedral interstices. At
~865 K Ag,S transforms to the « phase in which the anion sublattice adopts a
face-centred cubic arrangement. Structural refinements of this phase indicate
that the cations are distributed predominantly in the tetrahedral cavities but with
a significant fraction in the octahedral holes. MD simulations, using established
potentials for this compound, confirm the stability of the two high-temperature
superionic phases and show good agreement with the measured Ag* distribution
within the unit cell.

Silver sulfide, Ag,S, is an important member of the mixed conducting silver and
copper chalcogenides, possessing a very high ionic conductivity within its S phase
(0 ~5Q 'em™' [1]) as well as significant electronic conduction. At room temperature
y-Ag,S (acanthite) forms a superstructure based on a distorted body-centred cubic (bcc) array
of anions with the cations located in sites close to the centres of the tetrahedral and octahedral
interstices within the anion sublattice [2]. At 450 K Ag,S transforms to an «-Agl-like bee
structure (space group / m3m) with anions in 2(a) (0, 0, 0) sites and the cations spread diffusely
in (100) directions between tetrahedral 12(d) and octahedral 6(b) sites, although above ~473 K
the single-crystal neutron diffraction results are best described by occupation of tetrahedral
sites only, though with large anharmonic modifications to the thermal parameters [3,4]. It is
reported that at 865 K this bee phase transforms to a face-centred cubic (fcc) phase. However,
this structural assignment is based on rather limited x-ray diffraction data comprising only
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one [5] or three [6] reflections and no information concerning the preferred cation locations
has been reported.

When considering the systematics of the phase transitions of related materials, the
proposed fcc structure for the highest-temperature phase of Ag,S appears anomalous. Ag,Te
transforms from monoclinic — fcc — bec with increasing temperature [7, 8] and Agl
transforms from the fcc (zincblende) or hep(wurtzite) — bee [9, 10], as do CuBr [11, 12],
Cul [13] and CuCl [14] (the last two transformations occurring at high temperatures and
pressures). Hence, the disordered fcc structure (or related hcp structure) is always the lower-
temperature structural modification, with the bcc a-Agl-like structure occurring at higher
temperature. In view of the unusual nature of this proposed sequence of phase transitions
within Ag,S and the very limited data from which it has been assigned, an investigation of the
structure of the highest-temperature phase of Ag,S has been performed and is reported here.
The ambient-temperature monoclinic phase is labelled y, the bcc phase 8 and the highest-
temperature phase o.

Neutron diffraction experiments were performed using commercially available Ag,S
powder of stated purity 99.999% provided by Johnson Matthey plc. This was sealed under
vacuum inside a ~15 mm diameter silica ampoule of wall thickness ~0.5 mm. The diffraction
experiments were performed on the Polaris powder diffractometer at the ISIS facility, UK [15].
Counting times of ~12 h were necessary for each phase, in order to collect data of adequate
statistical quality to investigate the preferred Ag* locations. The data were corrected for
the effects of absorption of the neutron beam by the sample using standard procedures [15]
and Rietveld profile refinements using the normalized diffraction data were performed using
the program TF12LS [16], which is based on the Cambridge Crystallographic Subroutine
Library [17]. The relative quality of fits to the experimental data using different structural
models used the usual y? statistic [8, 18].

In addition, the intensities of the Bragg peaks in the powder neutron diffraction data
were used to generate maximum entropy (MaxEnt) reconstructions of the time-averaged ionic
density within the unit cell. For this analysis, the S>~ positions (bcc or fcc) are taken as known
and the distribution of Ag* is determined. This Bayesian analogue of the difference Fourier
method has the advantage that both the phase and amplitude information contained in the
‘known fragment’ is included. Furthermore, ‘physical sense’ in the form of local smoothness
of the density and its overall positivity can be incorporated in a statistically rigorous manner.
Further details of this procedure can be found elsewhere [19].

The structure of the bce phase, B-Ag,S, has been investigated previously using neutron
and x-ray diffraction methods [3,4]. The neutron diffraction data collected for B-Ag,S at
T = 558(2) K in this work were fitted using the structural model proposed previously, with
the S?~ located in the 2(a) sites of space group Im3m at 0, 0, 0 and 1/2,1/2,1/2 and the
4 x Ag" per unit cell distributed over the 12(d) tetrahedral sites at 1/4, 0, 1/2 etc. The results
of this procedure are summarized in table 1 and the quality of the least-squares fit is illustrated
in figure 1. Attempts to fit other structural models with the Ag* distributed over other sites
(i.e. 6(b) octahedral sites at 1/2, 1/2, 0 etc; 24(h) trigonal sites at x, x, 0 etc with x ~ 3/8)
gave poorer fits to the data. The preference for tetrahedral co-ordination is illustrated in the
MaxEnt reconstruction of the scattering (ionic) density within the unit cell (figure 2), though the
elongation of the Ag™* distribution in the (001) directions suggests that these are the principal
conduction pathways.

The principal subject of this work is the o phase observed at temperatures above
~865 K [5,6,20]. Using the data collected at 7T = 929(2) K there are a total of six observable
peaks at d-spacings of 3.62, 3.14, 2.22, 1.89, 1.81 and 1.57 A. These can be identified as the
111, 002, 220, 113, 222 and 004 reflections of an fcc lattice with @ ~ 6.27 A. To determine
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Figure 1. The final least-squares fit to the powder neutron diffraction data collected from 8-Ag,S
at T = 558(2) K. The dots are the experimental data points and the solid curve is the calculated
profile using the parameters listed in table 1. The middle trace shows the difference (measured
minus calculated) divided by the estimated standard deviation on the experimental data points. The
tick marks along the top of the figure denote the calculated positions of all the Bragg reflections
allowed in Im3m symmetry. The lower trace shows the calculated intensities based on the mean
ionic distribution determined during the MD simulations at 550 K.

Table 1. Summary of the results of the least-squares fit to the diffraction data collected from
B-AgrS at T = 558(2) K.

Space group Im3m

Lattice parameter a=4.8824(1) A
S2~ in 2(a) at 0, 0, 0 etc

Isotropic thermal parameter  Bjs, = 18.5(3) A2
Ag*tin12(d)1/4,0,1/2

Isotropic thermal parameter  Bjs, = 8.9(1) A?
Goodness-of-fit x2 =122

the correct structure of «-Ag,S we assume that the anions form an fcc sublattice and consider
the possible ways in which the Ag* can be distributed over the available interstices. However,
since only a limited number of Bragg peaks are observed, caution must be taken to avoid using
structural models which introduce more than a few structural variables.

The results are summarized in table 2. The four anions per fcc unit cell are placed in the
4(a) 0,0, 0 etc sites of space group Fm3m and form four octahedral sites (4(b) at 1/2, 1/2, 1/2
etc) and eight tetrahedral sites (8(c) at 1/4, 1/4, 1/4 etc) per unit cell. As a result, there are
insufficient octahedral holes available to accommodate all the cations. The first structural
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Figure 2. A (001) section at —0.05 < z < 0.05 showing (left) the experimentally determined
(T = 558(2) K) and (right) simulated (7" = 550 K) mean distribution of ions within an average
bee unit cell of B-Ag,S. The S>~ positions are shown and the octahedral (O) and tetrahedral (T)
interstices for the Ag* are indicated.

model (model A) places the cations on all the tetrahedral positions, but this provides a relatively
poor fit to the data. Model B allows the occupation of the tetrahedral sites to vary, though
without constraining the displaced cations to occupy specific crystallographic sites. Though
physically unrealistic, the final value of occupancy of the tetrahedral sites (~5) suggests that
significant numbers of cations are displaced from these sites. Model C attempts to mimic the
effects of anharmonic cation thermal vibrations by ‘splitting’ each of the tetrahedral sites into
partially filled sites which are displaced a short distance (~0.5 A) in the (111) directions away
from the cations. Model D distributes the cations equally over the octahedral and tetrahedral
positions, such that the former are completely filled. As shown by the value of x2 in table 2,
this produces a significant improvement in the quality of the fit. Allowing the distribution of
Ag* to vary over the two sites (model E) produces a further slight improvement in x 2, with
a tendency towards a preferred occupancy of the tetrahedral positions. Models F and G are
extensions of model E and displace those cations on the octahedral sites in (110) and (111)
directions, respectively. The latter gives a slight improvement in x 2 but, in view of the limited
number of measured peaks, this cannot be considered significant and we conclude that model E
gives the best structural description of @-Ag,S. The quality of the fit is illustrated in figure 3.
The time-averaged distribution of Ag* is further demonstrated by the MaxEnt reconstruction
of the scattering (ionic) density, as illustrated for the case of a (110) section through the unit
cell in figure 4.

The molecular dynamics (MD) used the so-called RVP potential, which has been widely
used to simulate the ionic diffusion processes in various phases of Ag*- and Cu*-based
compounds [21-28]. The potential between ions i and j has the general form
H; Z,Ze& 1 e Wi
rnij‘ + T] — E(alZJZ +Ol]Z12)r—4 — r—6,
where H;; = A;j(0o; +0;)", A;; is the short-range repulsive strength and o; and o; are the
ionic radii. The ionic charges Z; and Z; are typically lower than their formal (ionic) values.
a; and «; are the electronic polarizibilities and W;; are the coefficients of the Van der Waals
interaction.

For the case of Ag,S, values of the parameters in the above expression have been

Vij(r) =



Table 2. The values of the goodness-of-fit parameter x 2 obtained by least-squares fitting of the diffraction data collected from a-AgyS at T = 929(2) K

using the structural models A to G. a = 6.2698(3) A, space group Fm3m, S~ in 4(a) at 0, 0, 0 etc.

Agl Ag2
S
Model X2 B(A?) B(AY) «x n B(AY) «x n
A Aglin8(c) 1/4,1/4,1/4  Tetrahedral sites only  1.89  14.2(6)  25.4(8) 8
B Aglin8(c) 1/4,1/4,1/4  Partial occ. of tet. 1.77  18.7(7) 16.909) 5.0(2)
C  Ag2in32(f) x,x,x Displaced tetrahedral ~ 1.53  14.0(6) 9.4(8) 0.308(1) 8
D Aglin8(c)1/4,1/4,1/4  Tetrahedral and 121 147(7)  17.4(8) 4 =Bagl 4
Ag2in4(b) 1/2,1/2,1/2  Octahedral sites
E Aglin8(c) 1/4,1/4,1/4  As model D but 1.10  13.5(6) 31(1) 5.3(1)  40(3) 2.7(1)
Ag2in4(b) 1/2,1/2,1/2  variable occupancy
F  Aglin8(c) 1/4,1/4,1/4  Tetrahedral + (110) .12 13.0(7) 352) 59(1)  36(7) 0.382(1)  2.1(1)
Ag2in48(i) x,x,1/2 displaced oct.
G Aglin8(c) 1/4,1/4,1/4  Tetrahedral + (111) 1.08  14.08)  22(1) 3.9(1)  25(2) 0.392(1) 4.1(1)

Ag2in 32(f) x, x, x

displaced oct.
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Figure 3. The final least-squares fit to the powder neutron diffraction data collected from «-Ag,S
at T = 929(2) K. The dots are the experimental data points and the solid curve is the calculated
profile using the parameters listed in table 2. The middle trace shows the difference (measured
minus calculated) divided by the estimated standard deviation on the experimental data points. The
tick marks along the top of the figure denote the calculated positions of all the Bragg reflections
allowed in Fm3m symmetry. The lower trace shows the calculated intensities based on the mean
ionic distribution determined during the MD simulations.

determined previously [24,25], with the simplifying assumptions that A;; = A = 0.01502,
n;; = n =7 and neglect of the last term (i.e. W;; = 0). The other values are Za,, = 0.45 and
Zs- = —0.9, oage = 0.61 A and 052~ = 2.1 A, apgs = 0 and a2 = 6.52 A3, Simulations
were performed at constant (zero) pressure and at temperatures of 550 and 900 K, these being
chosen as close to the temperatures at which the two phases were measured in the neutron
diffraction studies and close to the experimentally observed 8 — « transition temperature
(865 K) [20]. The systems contained a total of N, = 750 ions (8-Ag,S) and N, = 768
ions («-Ag;S). Periodic boundary conditions were applied. The simulations were allowed to
equilibrate for ~60 ps and then a subsequent run of ~60 ps was used for analysis of the ionic
motions. The mean distribution of ions within the unit cell was determined by averaging over
time ¢ and over all the unit cells in the simulation box. This was then used to determine a
simulated Bragg diffraction pattern for comparison with the experimental data.

The MD simulations of the 8 phase of Ag,S were also found to be in good agreement with
those presented previously [24]. This is to be expected, since the same interionic potential is
used, though a fixed simulation box volume was used in the earlier work. As illustrated in
figure 5, the mean squared displacements of the Ag* and S>~ within the 8 phase show rapid
motion of the cations and no evidence of diffusion of the anions. This is indicative of a stable
superionic phase. Of particular interest in this work is the distribution of Ag* within the unit
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Figure 4. A (110) section —0.05 < z < 0.05 showing (left) the experimentally determined
(T = 929(2) K) and (right) simulated (7 = 900 K) mean distribution of ions within an average
fce unit cell of a-Ag,S. The S2- positions are shown and the octahedral (O) and tetrahedral (T)
interstices for the Ag* are indicated.

cell, which is illustrated for the case of a (001) section in figure 2. This clearly shows the
preferential occupancy of the tetrahedral positions (labelled T). However, the density extends
between the tetrahedral sites in [001] directions and suggests that the Ag* conduction occurs
via the octahedral sites. However, the absence of a peak in the density at these positions
indicate that the Ag* do not reside in these positions. This supports the neutron diffraction
analysis described above, where attempts to include the octahedral sites were unsuccessful.
The calculated diffraction intensities based on the time-averaged structure derived from the MD
simulations (shown at the bottom of figure 1) are in excellent agreement with those measured.

The previous MD studies of Ag,S [24,25] considered only the bee-structured S phase
and we now investigate whether the same potential can be used to stabilize the fcc-structured
arrangement found in «-Ag;S. These simulations started from an ordered arrangement with all
the Ag* placed in the ideal tetrahedral sites (i.e. the antifluorite-structured model A discussed
above). However, after ~10 ps, a dynamic equilibrium configuration was obtained in which
the Ag* undergo rapid diffusion (see figure 5) and, as shown in figure 4, a significant fraction
of the Ag* are displaced onto the octahedral positions.

The agreement between the MD simulations and the powder neutron diffraction results
is slightly less impressive for «-Ag,S than B-Ag,S. Whilst the calculated Bragg intensities
using the simulated ionic distribution (bottom of figure 3) are in relatively good agreement,
the ratio of octahedral to tetrahedral occupation in the simulations is around 1:4 rather than
the close to 1:2 distribution obtained by the experimental method. Nevertheless, there is clear
evidence in figure 4 that the octahedral positions are stable sites for the Ag* within the fcc
S?~ sublattice and, therefore, the conduction pathways are between tetrahedral sites via the
octahedral positions.

The work presented in this Letter clearly shows that Ag,S transforms from bcc to fcc on
increasing temperature at 7 = 860(10) K, in contrast to Ag,Te, which transforms from fcc
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Figure 5. The mean squared displacements of Ag* and S>~ ions in the MD simulations of 8-Ag>S
(top) and a-Ag> S (bottom) at 900 K.

to bec at T ~ 1075 K [7,8]. As such, they provide the possibility for assessing the relative
merits of fcc and bee anion sublattices in promoting superionic behaviour. Measurements of
the ionic conductivity show that the bce-structured phase has a higher ionic conductivity than
the fcc-structured phase in both Ag,S and Ag,Te [1]. This is supported by the slopes of the
mean squared displacement versus time plots (figure 5), which, as t — oo, are proportional
to the Ag* diffusion coefficient, Dag.. However, it is necessary to determine the relative
densities of the two phases and detailed measurements of the thermal expansion of both Ag,S
and Ag,Te (including the volume discontinuities at the structural transitions) using powder
neutron diffraction are planned. It is interesting to note that the MD simulations of Ag,S
predict that the unit cell volume per formula unit of the bec phase is ~3.9 and ~2.3% lower
than the fcc one at 550 and 900 K, respectively. If confirmed experimentally, this implies that
B-Ag,S has a higher ionic conductivity than «-Ag,S, despite having a higher density. This is
probably a consequence of the preferred tetrahedral co-ordination of the Ag* and the specific
geometric properties of the bcc sublattice, which allows all the cations to be accommodated
within a network of many interconnected tetrahedral sites. Similar arguments have been
proposed to explain the higher ionic conduction of bee-structured phases of the Ag* and Cu™*
monohalides in comparison with the fcc-structured ones [29].

The work presented in this Letter forms part of a wider research project investigating the
structural and dynamical behaviour of superionic conductors funded by the Engineering and
Physical Sciences Research Council (reference GR/M38711). We are grateful to I Ebbsjo
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for advice concerning the RVP potential and to J Dreyer for assistance with the sample
encapsulation and operation of the neutron furnace.
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