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ABSTRACT: Angle-dispersive X-ray diffraction measurements
have been performed in acanthite, Ag,S, up to 18 GPa in order to
investigate its high-pressure structural behavior. They have been
complemented by ab initio electronic structure calculations. From
our experimental data, we have determined that two different
high-pressure phase transitions take place at S and 10.5 GPa. The
first pressure-induced transition is from the initial anti-PbCl,-like
monoclinic structure (space group P2,/n) to an orthorhombic

anti-PbCla-type CosSi-like

Ag,Se-type structure (space group P2,2,2,). The compressibility of the lattice parameters and the equation of state of both phases
have been determined. A second phase transition to a P2,/n phase has been found, which is a slight modification of the low-pressure
structure (Co,Si-related structure). The initial monoclinic phase was fully recovered after decompression. Density functional and, in
particular, GGA+U calculations present an overall good agreement with the experimental results in terms of the high-pressure

sequence, cell parameters, and their evolution with pressure.

1. INTRODUCTION

Acanthite is the stable form of silver sulfide Ag,S under ambient
conditions," which crystallizes in the monoclinic system, space
group P2;/n. It adopts an anticotunnite-like structure (anti-
PbCl,-like). The real cotunnite PbCl, structure is orthorhom-
bic, space group Pnma, but slight distortions can be described
using the monoclinic P2,/n space group. Due to its interesting
electronic properties, Ag,S has been used in semiconductor
nanodevices, such as quantized conductance atomic switches,
which would be good candidates for future solid-state memory
devices.” Two other polymorphs of silver sulfide are known.
(i) Upon heating above 176 °C, there is a phase con-
version to a body- centered cubic form (space group Im3n),
referred to as argentite.* ® In this phase, the silver atoms are
randomly distributed over the interstitial sites of a bcc sulfur
lattice; this is the reason this HT phase has been considered as
a possible ionic superconductor.*® (ii) Further heating above
586 °C results in the conversion to a face-centered cubic poly-
morph.*® However, the reliability of the existing powder
diffraction studies on this latter high-temperature polymorph
has recently been questioned.”

On the other hand, Ag,S belongs to the family of M,S binary
sulfides that have recently also attracted renewed interest with
respect to their HP behavior.*™'* The completion of HP X-ray
diffraction (XRD) measurements on the group IA sulfides up to
20 GPa revealed a common trend in their pressure-induced
transformations. In particular, pressure drives structural changes
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from the antifluorite type through the anticotunnite type to the
NiIn-type structures, a sequence that also occurs when the
size of the M atom is increased. Therefore, the phase stability of
these sulfides seems to depend on both the pressure and the
This common trend should be,
however, validated for other binary sulfides, such as those of
group IB metals. Note that Mendeleev arranged the elements

. . 10
relative atomic volumes.

according to their chemical properties and placed silver (Ag)
in the same column as alkali metals. Nevertheless, the electro-
negativity of silver (yag = 1.9) is considerably larger (y;; = 1.0,
Zce = 0.7);'* this is the reason Ag,S may be considered as
formed by “covalent” bonds, instead of the “ionic” bonds existing
in the alkali-metal sulfides. Therefore, its structural behavior could
differ significantly from that of group IA sulfides.

The aim of this work is to study the structural stability of this
compound under pressure in order to compare its behavior
with that observed in alkali-metal sulfides and try to understand
the existing differences. Room-temperature angle-dispersive
X-ray diffraction (ADXRD) measurements were carried out
up to 18 GPa using a diamond-anvil cell (DAC). The dif-
fraction experiments allowed us to characterize two high-
pressure phases, the transitions taking place at 5 and 10.5 GPa.
First-principles calculations have complemented the experimental
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measurements, providing support and chemical insight into the
observed behavior of Ag,S under hydrostatic pressure.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Experimental Details. To perform X-ray powder dif-
fraction measurements, commercial silver sulfide powder with
99.99% purity (Alfa Aesar, Prod. Nr. 12113) was crushed in a
mortar with a pestle to obtain a micrometer-sized powder.
Ambient-conditions X-ray diffraction confirmed that our
sample has an anticotunnite-like structure.

Two independent high-pressure angle-dispersive X-ray
diffraction experiments were conducted at room temperature.
Experiment 1 was carried out up to 18 GPa with an Xcalibur
diffractometer. X-ray diffraction patterns were obtained on a
135 mm Atlas CCD detector placed 110 mm from the sample
using Ka molybdenum radiation (0.7107 A). The X-ray beam
was collimated to a diameter of 300 pm. The same setup was
used previously to successfully characterize the high-pressure
phases of other sulfides and oxides in the same pressure
range.”'”'® Measurements were performed in a modified
Merrill-Bassett diamond-anvil cell (DAC) with diamond culets
of 450 ym. The diamond cell used for these experiments allows
access to the angular range 49 = 50°. The black Ag,S powder
was loaded in a 160 pm diameter hole of the stainless-steel
gasket preindented to a thickness of about S0 um. A 4/1
methanol/ethanol mixture was used as the pressure-trans-
mitting medium. Exposure times were typically of 1 h duration.
The CrysAlis software, version 171.34.49 (Oxford Diffraction
Ltd.), was used for data collection and preliminary data reduc-
tion. Due to the appearance of the stainless-steel peaks of the
gasket, only the high-pressure diffraction patterns below 20 =
18.3° are considered in this experiment.

Experiment 2, up to 17 GPa, was performed at the I15
beamline of the Diamond Light Source with an incident mono-
chromatic wavelength of 0.4246 A. The DAC and the sample
loading were similar to those of experiment 1, with the
exception of the pressure-transmitting medium used: a 16/3/1
methanol/ethanol/water mixture. The monochromatic X-ray
beam was focused down to 30 X 30 ym using Kirkpatrick—Baez
mirrors. A pinhole placed before the sample position was used
as a cleanup aperture for filtering out the tail of the X-ray beam.
The images were collected using a MAR34S5 image plate located
350 mm from the sample. Exposure times were typically
120 s. Preliminary data reduction was done using the Fit2D
software.'¢

Ruby chips evenly distributed in the pressure chamber were
used to measure the pressure in both experiments by the ruby
fluorescence method.'” Pressures measured in different ruby
chips are within 0.1 GPa below 11 GPa and within 0.2 GPa at
the maximum pressure of the experiments. The observed
intensities were integrated as a function of 26 in order to give
conventional, one-dimensional diffraction profiles. The index-
ing and refinement of the powder diffraction patterns were per-
formed using the FULLPROF'® and POWDERCELL" pro-
gram packages.

2.2. Computational Details. First-principles total-energy
calculations were carried out within the DFT formalism with
a plane-wave pseudopotential approach, as implemented in
the Vienna ab initio simulation package (VASP).”® We used
the projector augmented wave (PAW) all-electron description
of the electron-ion-core interaction.”" Brillouin-zone integrals
were approximated using the method of Monkhorst and Pack,”*
and the energies converged with respect to the k-point density
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(12 X 8 x 8 and 8 X 12 X 8 meshes for the monoclinic P2,/n
and orthorhombic P2,2,2, structures, respectively) and the
plane-wave cutoff (420 eV). Initially, we used a conventional
DFT exchange-correlation functional, within the generalized
gradient approximation, the Perdew—Burke—Ernzerhof func-
tional (PBE).”> Transition-metal compounds such as Ag,S
experience strong intra-atomic exchange and Coulomb
repulsion among the d electrons due to the many electrons
and the localized, tight nature of the wave functions involved.
Since DFT does not properly cancel out the electron self-interac-
tion, the electron—electron repulsion is overestimated and, as a
result, the electrons incorrectly delocalize to reduce the repulsion
energy. In short, the covalency is overestimated.

To overcome the failure of DFT to describe the strongly
correlated “d” electrons of Ag, the rotationally invariant form of
DFT+U”* was employed, where on-site Coulomb and exchange
interactions as described in an unrestricted Hartree—Fock
approximation are introduced to the DFT Hamiltonian. Within
this approach, the Hubbard U, which is the Coulomb-energetic
cost to place two electrons at the same site, and the approxima-
tion of Hund’s exchange parameter | can be grouped into the
single effective parameter U, It can be understood as the
introduction of a penalty function which disfavors noninteger
occupation numbers of the on-site density matrix. It acts to
reduce the one-electron potential locally for the Ag d orbitals,
therefore reducing the hybridization with orbitals of the S
atoms. To assess the strength of the correction, four values for
U,4 have been used, namely 4, S, 6, and 7 eV (U, = 0 case
representing the DFT limit).

All structural relaxations were performed via a conjugate-
gradient minimization of the total energy using the tetrahedron
method with Blochl corrections.”® We note that the calculated
enthalpy vs pressure (H(p)) curves correspond to the static
approximation (zero temgerature and neglecting zero-point
vibrational contributions).*

3. RESULTS AND DISCUSSION

3.1. Experimental Structural Study of Ag,S. Figure 1
shows the ADXRD data for Ag,S at several selected pressures in
the two different experiments. Under ambient conditions, the
X-ray diffraction pattern corresponds to the monoclinic
anticotunnite-like structure previously reported (space group
P2,/n, No. 14)" with similar lattice parameters: a = 4.2245(3) A,
b =6.9226(4) A, c = 7.8631(6) A, and = 99.628(4)° (Z = 4,
V = 226.71(2) A%). This anti-PbCl,-like structure is very
common among the alkali-metal chalcogenides (both, at room
and high pressure) and consists of trigonal prisms of Ag atoms
connected by common edges forming chains which run parallel
to the ab plane (see Figure 2a). The S atoms are located in the
center of such prisms. Adjacent chains of prisms are shifted 1/2a
along this axis (see Figure 2b). In fact, this P2,/n monoclinic
distortion would correspond to the cation subarray of the f-
Ca,SiO, structure. A more detailed analysis of this structure
type can be found in refs 8—10, 12, 13, and 27.

High-pressure X-ray diffraction patterns could be indexed in
the initial monoclinic phase up to 4.7 GPa. For instance, the
XRD pattern at 3.2 GPa (experiment 2) could be refined by the
Rietveld method using the structural anti-PbCl, model (see
Figure 3). The atomic coordinates of this structure are collected
in Table 1. The obtained evolution for the unit cell volume and
lattice parameters of the low-pressure (LP) phase of Ag,S are
shown in Figures 4 and Sa, respectively. There, it can be seen that
the contraction of the lattice parameters is rather anisotropic.
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Figure 1. Selected X-ray powder diffraction patterns of Ag,S without background. (a) Experiment 1, Xcalibur diffractometer, A(Mo) = 0.7107 A. The
XRD patterns at 5.3 and 11.6 GPa clearly show the phase transitions to the first (HP1) and second (HP2) pressure-induced phases, respectively.
Asterisks and arrows indicate diffraction peaks of the new phases. The upper pattern was taken under room conditions after the decompression
process and shows the reversibility of the transitions. (b) Experiment 2, Diamond Light Source, 4 = 0.4246 A. The XRD patterns between 5.6 and
10.5 GPa show a coexistence of the initial LP phase and the HP1 phase (compare, for instance, the pattern at 8 GPa in this picture to that of 7.9 GPa

in Figure la, corresponding strictly to the HP1 phase).

For instance, according to our experiments, the relative
contractions for 4, b, and ¢ between room pressure and
4.7 GPa are 2.87, 4.05, and 0.57%, respectively. With regard to
the values of the f angle, its variation is negligible up to 3.5 GPa
and then the angle starts to decrease considerably with pressure
(see Figure Sa). A third-order Birch—Murnaghan equation of
state (EOS) was used to fit our pressure—volume data. By fixing
the zero-pressure volume (V;) to its measured value, we
obtained the bulk modulus, B, = 38(2) GPa, and an unusually
large value for the pressure derivative, B\, = 12(2). This large
derivative is likely caused by a change in the compressibility of
the LP phase of Ag,S above 2.4 GPa. Therefore, we would have
two different areas of compressibility. (i) Initially, the structure
is highly compressible due, in particular, to the contraction of
the sulfur polyhedra. The height of the [Ags] trigonal prisms
is drastically reduced, whereas the nearest Ag—Ag distances
(<4 A) remain nearly constant. (i) Above 2.4 GPa, the atomic
positions are more stable and all the interatomic distances de-
crease at a slower pace. These two different compressibility
regimes become evident on looking at the cell volume com-
pression. Thus, at 2.33 GPa, the volume reduces 4.64%, whereas
at 4.7 GPa the volume has only decreased 7.34% (2.7% more).

3.2. First Pressure-Driven Phase Transition. Upon
further compression additional diffraction peaks appear and,
in the case of experiment 1, the peaks of the low-pressure phase
almost disappear at 5.4 GPa (see Figure la). This clearly
indicates the existence of a structural phase transition at this
pressure. At 6.9 GPa, the new diffraction peaks could be in-
dexed in an orthorhombic cell with lattice constants a =
6.7249(12) A, b = 4.1479(12) A, and ¢ = 7.2945(11) A (Z = 4,
V = 203.48(8) A%). Therefore, this structure implies a volume
change of about 1.3% at the transition. The systematic absences
in the indexed lattice planes are consistent with symmetry
elements (screw axes) of the space group P2,2,2,. This space
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group is also adopted by the mineral naumannite, Ag,Se, at
ambient conditions.”®*™>° Therefore, we used the structural
model of silver selenide to refine the X-ray diffraction patterns
by the Rietveld method above 5.4 GPa, leading to the lattice
constants and atomic parameters collected in Table 1 (XRD
pattern at 6.9 GPa). This X-ray diffraction pattern is shown in
Figure 6 together with the calculated and difference profiles to
illustrate the quality of the refinement. The refined parameters
were the overall scale factor, the cell parameters, the pseudo-
Voigt profile function with terms to account for the reflection
anisotropic broadening, and the fractional atomic coordinates.
The background was manually subtracted and not refined. Dur-
ing the refinement process, displacement factors were physically
meaningless, and for this reason, the overall displacement param-
eter was fixed to 0.1 A’ This high-pressure phase will be
henceforth referred to as the HP1 phase.

This HP1 structure, depicted in Figure 2c, is basically a
significantly distorted form of the initial anticotunnite-like
phase. It can be described in a similar way as composed of
chains of trigonal prisms formed by Ag atoms connected by
common edges, each of these prisms being centered by a S
atom. Adjacent chains of prisms are shifted by approximately
1/2b along this axis. However, in this case, these chains are no
longer running parallel to each other. The lattice trans-
formation entails a small displacement of the atoms in such a
way that the chains of trigonal prisms are tilted with respect to
the adjacent ones (see Figure 2d). However, the coordina-
tion number of the atoms does not change at the phase
transition. The rectangular faces of the [Agy] prisms are capped
by three additional Ag atoms belonging to adjacent chains so
that the coordination number of the S atoms remains 8 + 1 (see
Table 2). With regard to the Ag atoms, there are two
crystallographically distinct Ag atoms in the orthorhombic unit
cell. One Ag atom (Ag2) is surrounded by four S atoms in a

dx.doi.org/10.1021/ic300236p | Inorg. Chem. 2012, 51, 5289—5298
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Figure 2. (a) Anticotunnite-like structure of the low-pressure P2,/n phase of Ag,S at 3 GPa. (b) Projection of this LP phase along the b axis, showing that
adjacent chains of prisms are shifted 1/2a and are parallel. (c) Ag,Se-type structure of the HP1 P2,2,2; phase of Ag,S at 6.9 GPa. (d) Projection of this
HPI phase along the a axis, showing that adjacent chains of prisms are shifted 1/2b and are tilted with respect to each other. (e) Anticotunnite-like
structure of the HP2 P2,/n phase of Ag,S at 16.5 GPa. (f) Projection along the a axis of the theoretically predicted Cmcm phase for Ag,S at low pressures.

distorted-tetrahedral coordination (distances ranging from 2.25
to 3.13 A), while the second Ag atom (Agl) exhibits a S-fold
coordination defined by four S atoms forming a rectangular
face and another S atom that completes the square pyramid
(distances ranging from 2.6 to 3.16 A).

A different behavior is observed in the experiment carried out
with synchrotron radiation. In experiment 2, the initial mono-
clinic P2,/n phase coexists with the P2,2,2, orthorhombic
phase from S GPa up to 10.5 GPa (see Figure 1b). This fact
must be due to a slight change in loading parameters, i.e. the
ratio between the amount of sample and pressure medium
loaded, which would drive the transition to not occur com-
pletely. In any case, the quality of the XRD patterns allows us to
obtain the values of the lattice constants of the HP1 structure in
the pressure range S—10 GPa (Figure Sb).
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The equation of state and the pressure evolution of the lattice
parameters of the HP1-Ag,S phase are shown in Figures 4
and S5b, respectively. It can be seen that, in this HP1 phase, the
¢ axis is the most compressible of the lattice constants and the
b axis is almost incompressible. The linear compressibilities of
the different axes are kx, = 0.015(2) GPa™), x, = 0.0002(18)
GPa™!, and k, = 0.0409(19) GPa™!, which show the anisotropic
compression of the orthorhombic unit cell. This anisotropy is
related to the relative tilting of the [AgcS] trigonal prisms which
causes the Ag atoms to be located very close to each other
along the b direction (distances between 2.61 and 2.88 A at
6.9 GPa vs distances >2.92 A in the monoclinic structure at
4.7 GPa). Consequently, it is quite likely that the cationic
repulsion causes the incompressibility of this axis. A third-order
Birch—Murnaghan equation of state was fitted to the variation
of the unit cell volumes of the HP1 phase with pressure.

dx.doi.org/10.1021/ic300236p | Inorg. Chem. 2012, 51, 5289—5298
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Figure 3. Observed, calculated, and difference X-ray diffraction profiles
for the LP phase of Ag,S at 3.2 GPa. Vertical markers indicate Bragg
reflections of the initial P2,/n monoclinic structure. The Rpg, Ry,
and R, residuals, whose definitions are given in the FULLPROF
manual,'® are 0.0248, 0.073S, and 0.0539.

The values of the bulk modulus (B,) and cell volume at zero
pressure (V) are left to vary freely, and the first derivative with
pressure B is fixed to 5.2 (to be better compared with
theoretical results collected in section 3.4). The obtained
characteristic parameters for the P2,2,2, phase are V; =
217.2(2) A® and B, = 82(2) GPa.

3.3. Second Pressure-Driven Phase Transition. This
HP1 phase is stable up to 10.5 GPa, where another transition
takes place. At this point, the HP2 phase starts to appear (onset
of the phase transition) and the peaks corresponding to the
HP1 phase gradually lose intensity. There exists a region of
coexistence of both phases between this pressure and 14 GPa,
where the transition seems to be complete. The diffractograms
above this pressure were of relatively poor quality, even the
synchrotron data, and hindered a clear indexation of the Bragg
reflections. Note that the diffraction peaks broaden noticeably

above 8—9 GPa. Nevertheless, theoretical calculations came to
our aid and suggested the monoclinic structure P2,/n with a
angle close to 94° (see Table 1 and the next section, devoted to
theoretical simulations) as a possible structural candidate. With
this in mind, we could index the XRD pattern at 16.5 GPa on
the basis of a monoclinic cell with the following lattice
parameters: a = 4.0939(12) A, b = 5.754(2) A, ¢ = 7.9747(11) A,
and 8 = 93.87(2)° (Z = 4, V = 187.4(2) A3). The intensities of
the diffraction peaks corresponding to the structural model
proposed by theoretical simulations were not far away from
those experimentally observed, which is why we carried out a
Rietveld refinement of the limited-quality XRD pattern at 16.5
GPa. This X-ray diffraction pattern is shown in Figure 7
together with the calculated and difference profiles to illustrate
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Figure 4. Pressure dependence of the unit-cell volume for the three
phases of Ag,S. Xcalibur (experiment 1) and Diamond (experiment 2)
experimental data are represented by solid and empty symbols,
respectively. Squares, circles, and triangles correspond to the LP, HPI,
and HP2 phases, respectively. Calculated data using the PBE
functional and the GGA+U approach, with U values of 7, 6, 5, and
4 eV are represented by points with lines. Dashed lines indicate the
phase boundaries. The region between 10.5 and 14 GPa is the
coexistence region of the HP1 and HP2 phases.

Table 1. Experimental and Calculated PBE Lattice Parameters, Volumes, and Fractional Coordinates of Ag,S in the Low-
Pressure (LP) Acanthite Phase (Anti-PbCl,-Like Structure), in the First Pressure-Induced Phase HP1 (Ag,Se-Type Structure),

and in the Second Pressure-Induced Phase HP2“

LP phase (4.7 GPa) HPI phase (6.9 GPa) HP2 phase (16.5 GPa)

expt theory expt theory expt theory
space group (No.) P2,/n (14) P2,/n P2,2,2, (19) P2,2,2, P2,/n (14) P2,/n
a (A) 4.1032(4) 42329 6.7249(12) 6.7791 4.0920(8) 4.1277
b (A) 6.6391(6) 6.8078 4.1479(12) 43259 5.7519(13) 5.7278
¢ (A) 7.8183(7) 7.7259 7.2945(11) 7.1154 7.9702(17) 8.0343
B (deg) 99.480(5) 102.45 93.819(15) 94.810
v (43) 210.07(4) 217.4 203.48(8) 208.7 187.18(7) 189.3
g1 0.7419(9) 0.7634 0.0285(7) 0.0234 0.7402(9) 0.7331
gt 0.0277(5) 0.0214 0.2303(12) 0,241 0.0326(6) 0.0596
Zag1 0.3271(4) 0.3313 0.4079(14) 0.392 0.2921(3) 0.2843
Xag 0.2476(8) 02471 0.1274(6) 0.1371 0.2564(9) 0.2545
Vag 0.3440(5) 0.3452 0.4074(19) 0.401 0.2962(5) 0.3362
Zag2 0.4427(4) 04548 0.8210(6) 0.7886 0.4303(4) 04373
xg 0.324(2) 0.3396 0.221(2) 0.2539 0.224(2) 0.2825
s 0.2608(13) 0.2426 0.157(4) 0.1313 0.266(2) 0.3013
z 0.1365(12) 0.1501 0.145(4) 0.0897 0.1068(12) 0.1133

“The three phases present four formula units per cell.
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the quality of the refinement. Taking into consideration the
limitations of this refinement, we managed to obtain some
tentative atomic coordinates for the HP2 phase. Both the
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Table 2. Ag—S Bond Lengths (A) in the LP P2,/n
Anticotunnite-Like (P = 4.7 GPa), the HP1 P2,2,2, Ag,Se-
Type (P = 6.9 GPa), and the HP2 P2,/n Co,Si-Like (P =
16.5 GPa) Phases

P = 47 GPa Anti-PbCl,-
like structure

P = 6.9 GPa Ag,Se-
type structure

P = 16.5 GPa Co,Si-
like structure

1 X 2.489 1 X 2.334 1 X 2.326
1 X 2.547 1 X244 1 X 2.5879
1 X 2.555 1 X 2.469 1 X% 261
1 X 2.593 1 X 2.657 1 X 2.695
1 X 2.66 1 X 2.757 1X272
1 X 2.748 1 X 2.858 1Xx 2752
1% 2.833 1 X 2.90 1 X 2.768
1 X 3.018 1 X 2936 1 X 2.834
1 X 3414 1 X 3.508 1% 2.88
1 X 3.066
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Figure 7. Observed, calculated, and difference X-ray diffraction profiles
for the HP2 phase of Ag,S at 16.5 GPa. Vertical markers indicate
Bragg reflections of the high-pressure P2,/n monoclinic structure. The
Rpragg Rip and R, residuals are 0.0569, 0.124, and 0.111.

refined lattice and atomic parameters are in good agreement
with those theoretically calculated (see Table 1).

This HP2 structure is represented in Figure 2e, together
with the other two phases of Ag,S. It can be seen that the
HP2 phase is a subtle variation of the initial monoclinic
phase, the only difference being that the bases of the trigonal
prisms are now almost equilateral triangles with edges of
2.916, 2.961, and 3.061 A and angles of 57.91, 59.32, and
62.77° (as compared to edges of 3.13, 3.148, and 3.575 A
and angles of 55.04, 55.53, and 69.43° at room pressure). In
spite of the minor changes in the structural topology, the
coordination number of the S atoms increases from 8 + 1 in
the initial anticotunnite-like structure to 10 in this HP2
structure. Table 2 collects the principal Ag—S distances of
these two phases. The HP2 phase can be then considered as
a Co,Si-related structure. Cotunnite-type and Co,Si-type
structures described in the orthorhombic Pnam setting have
been shown to exhibit characteristic values for the cell
constant ratios a/b and (a + b)/¢,>' 7>* which are respectively
0.8—0.9, 3.3—4.0 and 0.66—0.74, 3.1—3.3. Despite the fact
that our structures can only be described with a monoclinic
P2,/n symmetry, if we calculate the b/c and (b + c)/a ratios,
we obtain values of 0.849, 3.523 and 0.722, 3.353 for the
LP (4.7 GPa) and HP2 (16.5 GPa) phases, respectively.
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These values would be in reasonable agreement with
anticotunnite- and Co,Si-type structures.

It is noteworthy that the initial monoclinic phase is fully
recovered after decompression, the reversibility being observed
in both experiments. The lattice parameters of the recovered
sample are almost identical with those of the sample prior to
compression: a = 4.2274(4) A, b = 6.9246(5) A, c = 7.8688(7) A,
and f = 99.661(6)° (V = 227.08(4) A®). Another important
fact to note is that the HP1 phase was not observed in the only
downstroke XRD measurement. The sample was measured
at 6.8 GPa, and the powder diffractogram could be perfectly
indexed into a monodlinic unit cell with constants a = 4.1393(11) A,
b = 6.097(2) A, ¢ = 7.9214(15) A, and = 96.68(2)° (V =
198.5(2) A®). Note that these values are just between those of
the initial room-pressure phase and the HP2 phase at 16.5 GPa,
both with the same space group, P2,/n. This fact supports the
argument of structures being very close energetically (LP and
HP1) and show the existence of a possible stepwise
transformation path from the HP2 to the LP phase. However,
one decompression point is not enough to draw any conclusion
and the indexed monoclinic phase could be also due to a
hysteresis effect.

3.4. First-Principles Structural Study of Ag,S. Calcu-
lated structural parameters for the different phases under the
PBE approximation are given in Table 1, along with the experi-
mental parameters. For the LP phase, a reasonable agreement is
found between theory and experiment at 4.7 GPa. The cal-
culated volume is overestimated by 3.7% with respect to the
experimental value as a consequence of 3.4% and 2.6% larger a
and b axes. An overestimation of volume is typical when using
the GGA approximation.**

At pressures lower than 4 GPa there is an anomalous increase
of the cell volume (see Figure 4). It can be related to an
increase of symmetry of the pseudo-orthorhombic cell (space
group P2,/n), which finally converts into an orthorhombic cell
(space group Cmcm) at low pressure. The equilibrium cell
volume of this new phase is 270 A% with a = 4.6406 A, b =
7.3683 A, ¢ = 7.8963 A and Ag(4b) (0, '/, 0), Ag(4c) (0,
0.0520, '/,), S(4¢c) (0, 0.689, '/,). As far as we know, this
orthorhombic phase has not been detected previously. Since
its equilibrium volume is clearly larger than the experimental
ambient-pressure volume of the anticotunnite-like structure, it
could correspond to a potential high-temperature phase of
Ag,S. In fact, this new theoretically predicted phase adopts a
Ni,In-type related structure (Cmcm is a subgroup of P6;/mmc,
space group of the Ni,In compound), which is very common
among the alkali-metal sulfides. It basically consists of S-off-
centered trigonal [Ag,] prisms similar to those present in the
anticotunnite structure, but now forming straight chains along
the ¢ direction (see Figure 2f).

From the enthalpy—pressure curves (Figure 8), two phase
transitions are found. As a first step, the low-pressure phase
transforms into the Ag,Se-type structure at 3.25 GPa, with a
volume change of 2.9%. This is in good agreement with the
experimental data, where the onset of the phase transition was
observed at 5 GPa. Calculated structural data of the HP1 phase
at 6.9 GPa are collected in Table 1, to be compared with the
experimental data. As described above, the coordination
numbers of both the silver and the sulfur atoms do not change
with increasing pressure. These numbers remain constant: Agl,
Ag2, and S atoms having 5, 4, and 9 nearest neighbors, res-
pectively. However, the relative movement of the different
polyhedra led to a slight change in the environment of all the
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Figure 8. Enthalpy differences, relative to the P2,/n structure, as a
function of pressure for the Cmcm, P2,2,2,, and Pnma structures of
Ag,S. Calculations were performed at the PBE level.

atoms and, consequently, to the phase transition. Furthermore,
a numerical equation of state was fitted to our data, giving
the following parameters: V, = 225.57 A%, B, = 74.27 GPa and
By’ = 5.24. By comparing these results with those obtained from
the fitting of the experimental data, we can see that the
overestimation of volume by 3.9% leads to a slightly smaller
bulk modulus.

With regard to the second phase transition, the calculations
(Figure 8) show the reappearance of the monoclinic structure
at higher pressures (15.64 GPa). According to the ab initio
calculations, this monoclinic phase has suffered some significant
changes in its unit cell, such as a drastic decrease of the b axis
and the f angle and a considerable increase of the ¢ axis. This
effect can be clearly noticed by comparing the lattice para-
meters and atomic coordinates of the low-pressure and HP2
structures in Table 1. This behavior was subsequently
confirmed experimentally by means of the indexation and
refinement of the XRD pattern at 16.5 GPa (see section 3.3).
A more careful analysis of the structural parameters of this HP2
structure shows a close resemblance to a higher symmetry
structure (space group Pnma). At 16.7 GPa, a = 5.7411 A, b =
4.0443 A, ¢ = 8.0971 A, Ag(4c) (0.0689, 0.75, 0.7807), Ag(4c)
(0.3435, 0.25, 0.9337), and S(4c) (0.3068, 0.25, 0.6104). As can
be discerned from the relative enthalpy—pressure curves
(Figure 8), the enthalpy of the Pnma structure equals that of
the monoclinic structure at high pressures, confirming this fact.
However, experimentally, a better fitting has been found using
the monoclinic symmetry. The numerical equation of state
parameters of the HP2 structure under the Pnma symmetry are
V, = 223.66 A%, B, = 57.04 GPa, and B, = 7.85. Overall, the
range of stability of the monoclinic phase is underestimated in
comparison with the experimental results.

Phase diagrams more consistent with the experimental data
can be obtained by the DFT+U approach. Although the experi-
mentally unobserved Cmcm and Prnma phases are still present in
the phase sequence, the range of stability of the monoclinic
phase increases with growing U value, showing the impor-
tance of the inclusion of correlation effects. Related to this, the
HP1 structure is stable in a smaller pressure range. For
example, when U,g = 6 eV (Figure 9) the orthorhombic phase
is only stable from 3.7 to 8.23 GPa, in comparison with the
larger PBE pressure range (3.25—15.64 GPa). A reasonable
structural description of the monoclinic structure is also ob-
tained at pressures lower than 4 GPa (in particular, with
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U= 5—7 eV), as shown in Figures 4 and 10. With U= 6 eV,

the relative contractions of the lattice parameters a, b, and ¢

1.95 T T T
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U=SeV
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L

Pressure (GPa)

Figure 10. Lattice parameters ratios b/a and c/a as a function of
pressure for the low-pressure phase (LP). Experimental data are
represented by solid (experiment 1, Xcalibur) and open (experiment 2,
Diamond) squares. Calculated data using the GGA+U approach, with
U values of 7, 6, and 5 eV, are represented by points with lines.

between ambient pressure and 4.7 GPa are 4.84, 5.18, and
—0.21%, in agreement with the experimental compressibility
order (see section 3.1). Additionally, there is a recovery of the
monoclinic phase after the orthorhombic phase, in line with the
experimental results. Concerning the HP1 phase, there is an
increase of the cell volume with growing U The volume is
already overestimated at the purely GGA level (U, = 0). Thus,
introducing Ug > 0 just makes the deviation from the
experiment larger. However, it equalizes the difference with
experiment in all three vectors and the overall description of the
cell improves, as the b/a and c¢/a ratios show (Figure 11).
3.5. Structural Considerations. According to our high-
pressure experimental (theoretical) study, the structural sequence
of Ag,S with increasing pressure is as follows: anti-PbCl,-like, LP,
P2,/n; Ag,Se-type, HP1, P2,2,2,; Co,Si-like, HP2, P2,/n;
(Co,Si-type, Pnma). Analyzing the atomic rearrangements, we
note the following (i) This sequence does not correspond to
those observed in alkali-metal sulfides under compression, where
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Calculated data using the PBE functional and the GGA+U approach,
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the anti-PbCl,-type structure transforms into the Ni)In-type
structure.'® This distinguishing structural behavior could be
related to the high electronegativity value of silver, in
comparison to that of alkali metals. However, in nature, there
exist several examples where the anti-PbCl, — Ni,In sequence
is inverted,®> which would imply that the existence of these
phases might be restricted to a relatively small range in the
P-T space. On top of that, the chemical bonds in alkali-metal
sulfides could present a higher covalent character at high
densities and then the structural sequence of all the M,S
compounds could converge at high pressures. These con-
troversial points remain as open questions. (ii) The first phase
transition LP—HP1 in Ag,S follows the well-known trend that
the high-pressure structures of lighter elements (S in Ag,S)
adopt the structures of their parent heavier elements on going
down a column in the periodic table (Se in AgZSe).3’6 (iii) Upon
further compression, the Ag,Se-type structure, with tilted
chains of [Ags] prisms, transforms into the Co,Si-like struc-
ture with a much more regular conformation than the initial
anticotunnite-like structure, eventually adopting an orthorhom-
bic space group in the theoretical calculations. In summary, in
this article we have studied the pressure effects on the Ag,S
lattice, which add up to previous data on the behavior of this
compound at high temperature. However, new experiments
combining high pressure and high temperature would go into
greater depth into the role played by these two thermodynamic
variables in lattice modifications.

It is also interesting to compare the different Ag,S poly-
morphs with the cation subarrays of their corresponding oxides.
The Ag,S subarray of Ag,SO; (space group P2,/c)*’ also
adopts an anticotunnite-like structure, as in Ag,S itself under
room conditions. In this case, [Ag,] prisms have expanded due
to the presence of three O atoms per formula unit and form
slightly warped chains. This case of structural similarity is in
good agreement with numerous other examples of structural
correspondence between alloys and the cation arrays in their
oxides.”® * On the other hand, Ag,SO, (like Ag,SeO,) adopts
a thenardite-type (space group Fddd) structure,” whose cation
subarray does not correspond to any of the high-pressure
polymorphs of the silver sulfide. The cation arrangement in this
oxide is similar to that of the TiSi, alloy. This structure was
however predicted for Rb,S at about 18 GPa'' and has been
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considered as the intermediate step in the NiyIn—Cu,Mg transi-
tion in the high-pressure sequence of the A,X compounds.®® In
other words, the structure of the cation subarray of Ag,SO,
could be a potential structure for Ag,S at still higher pressures.

4. CONCLUSIONS

The high-pressure structural stability of acanthite, Ag,S, has
been studied by means of X-ray diffraction experiments as well
as by ab initio calculations. From our experimental data, we
have determined that two different high-pressure phase transi-
tions take place. At 5 GPa, the initial anti-PbCl,-like monoclinic
structure (space group P2,/n) transforms into an orthorhombic
Ag,Se-type structure (space group P2,2,2,), which is a strong
distortion of the initial phase. The compression of the initial
P2,/n structure is rather anisotropic, and the experimental
values of the bulk modulus and its first derivative with pressure
are B, 38(2) GPa and B, 12(2). The characteristic
parameters of the P2,2,2, HP1 structure obtained by fixing B',
to 5.2 are V, = 217.2(2) A® and B, = 84(2) GPa (theory: V, =
225.57(3) A, B, = 7427(7) GPa, and B, = 5.24(1)).

We have also found that compression induces a second phase
transition at 10.5 GPa to a P2,/n phase which resembles the
room-conditions structure. This HP2 monoclinic phase
presents some significant changes in its unit cell with respect
to the initial phase, such as a drastic decrease of the b axis
and the f angle and a considerable increase in the ¢ axis. This
phase can be considered as a Co,Si-related structure. It is note-
worthy that the initial monoclinic phase is fully recovered after
decompression.

Ab initio calculations confirm the experimental high-pressure
sequence LP—HP1—HP2. Some deficiencies are found using
standard DFT for modeling the electronic structure, but the
GGA+U approach, with U.s = 4—6 €V, is seen to perform
better. A good agreement with experiment for transition
pressures, lattice parameters, and their variation with pressure is
found. Additionally, HP2 is predicted to transform to a Pnma
structure at higher pressures. This should be confirmed experi-
mentally. In summary, we have presented a detailed and
consistent experimental and theoretical picture of the high-
pressure behavior of Ag,S.
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