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ABSTRACT: Canfieldite, AggSnS, is a semiconducting mineral notable for its high
ionic conductivity, photosensitivity, and low thermal conductivity. We report the
solution growth of large single crystals of AggSnSs of mass up to 1 g from a ternary
Ag—Sn—S melt. On cooling from high temperature, AgsSnS4 undergoes a known cubic
(F43m) to orthorhombic (Pna2,) phase transition at ~460 K. By studying the
magnetization and thermal expansion between 5—300 K, we discover a second
structural transition at ~120 K. Single crystal X-ray diffraction reveals the low-
temperature phase adopts a different orthorhombic structure with space group Pmn2,
(a = 7.6629(5) A, b = 7.5396(5) A, ¢ = 10.6300(5) A,Z = 2 at 90 K) that is
isostructural to the room-temperature forms of the related Se-based compounds
AgeSnSes and AggGeSey. The 120 K transition is first-order and has a large thermal -2.65 y — —~ T )
: : - . 0 50 100 150 200 250 300
hysteresis. On the basis of the magnetization and thermal expansion data, the room- T (K)
temperature polymorph can be kinetically arrested into a metastable state by rapidly
cooling to temperatures below 40 K. We last compare the room- and low-temperature forms of AggSnS¢ with its argyrodite
analogues, AgsTQs (T = Si, Ge, Sn; Q = S, Se), and identify a trend relating the preferred structures to the unit cell volume,
suggesting smaller phase volume favors the Pna2, arrangement. We support this picture by showing that the transition to the Pmn2,
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phase is avoided in Ge alloyed AggSn,_,Ge,S¢ samples as well as in pure AggGeSq.

1. INTRODUCTION

Multinary silver chalcogenides exhibit rich structural chemistry
and electronic properties that generate both fundamental and
technological interest. A hallmark of these compounds is weak
bonding between silver and chalcogenide atoms, often
resulting in diverse crystal structures, substantial anharmonic
atomic displacements, site occupancy disorder, and/or metal
atoms in unique, distorted coordination environments.'™*
Consequentially, many silver chalcogenides have high ionic
conductivity and a tendency to undergo phase transitions upon
heating or cooling”™® The soft bonding and structural
complexity can give rise to low phonon velocities and
intrinsically glasslike thermal conductivity. As such, many
silver chalcogenides are attractive thermoelectric materials.”” ">
Compared to oxides, the bonds in metal chalcogenides are
generally more covalent, which affords smaller band gaps and
higher charge carrier mobility,'® makin7g some chalcogenides
promising for solar energy conversion."

The past decades witnessed impressive advancement in the
synthesis of chalcogenide materials. Whereas the high vapor
pressures and low boiling points of the chalcogens, particularly
sulfur, are challenges for the growth of large single crystals of
chalcogen-rich compounds, solution or flux techniques have
proven invaluable for their ability to permit chemical reactions
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and crystallization at moderate temperatures compared to
traditional solid state methods."*™* In this regard, poly-
chalcogenide salts are powerful solvents for the synthesis of
alkali metal and main group chalcogenide compounds.”*!
Low-melting binary metal—sulfur compositions or eutectics
can also be effective starting points for solution growth of
sulfur-rich materials.'®

Canfieldite,”” AgySnSy, is a mineral belonging to the family
of closely related argyrodite compounds.” Like all argyrodites,
AgeSnS, adopts a high-temperature (ht) cubic crystal structure
with the F43m space group that features a highly disordered Ag
sublattice in which the Ag ions are distributed over three
partially occupied crystallographic sites. Previous work
indicates that at 460 K, AggSnS¢ undergoes a transition from
the ht cubic phase to the room-temperature (rt) orthorhombic
structure with space group Pna2,.”**** Upon heating, the
structural transition can be visualized as the Ag sublattice
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“melting” into the highly disordered state while the Sn and S
framework remains essentially rigid, or intact. As a
consequence, the ht phase has high ionic conductivity
supported by mobile Ag* ions. The heavy disorder in the
“liquid like” Ag sublattice facilitates exceptionally strong
phonon scattering, and the lattice thermal conductivity of ht-
AggSnS approaches the theoretical amorphous minimum.**
Accordingly, recent work demonstrates that ht-AggSnSy is a
promising thermoelectric material with a figure of merit zT of
0.8 near 773 K when alloyed with Se.”***> Most work on the rt,
orthorhombic, variant is concerned with nano«:l')rstals,26_28
which have been prepared and studied as counter electrodes in
solar cells and for photocatalytic water splitting and dye
degradation.” " Notably, the rt phase has a band gap of
approximately 1.4 eV and high absorption coefficient of 10*
cm™! in the visible range,”* making rt A§88n86 a potential light
absorber for photovoltaic applications.***

Whereas both the ambient and ht forms of AggSnS¢ exhibit
interesting properties and structural chemistry, the evolution of
the crystal structure and physical properties below room
temperature are yet to be reported. Here, we demonstrate
solution growth of large (& 1 g) single crystals of AggSnS, out
of a Sn—S rich ternary melt, and by use of temperature-
dependent magnetization, thermal expansion, and X-ray
diffraction measurements, we identify a previously unreported
first-order structural phase transition at 120 K. We find that
below 120 K, AgeSnSy can adopt a different low-temperature
(It) orthorhombic structure with the Pmn2, space group that is
isostructural to the rt forms of the related Se-based compounds
AgySnSey and AgyGeSeg. The rt to It structural phase transition
has large thermal hysteresis, and the magnetization and
thermal expansion results indicate that the rt phase can be
kinetically arrested by rapid cooling into a metastable state
below 40 K. By comparing the room- and low-temperature
AgeSnS4 polymorphs with the preferred structures of the
argyrodite analogues AggTQy (T = Si, Ge, Sn; Q = S, Se), we
suggest that lower volume unit cells (normalized per formula
unit) favor the rt Pna2, form. We support this picture by
applying chemical pressure, that is, reducing the unit cell
volume, to AgeSnS¢ by partially replacing Sn with Ge, and find
the rt Pna2, phase is preserved down to 5 K in AgeSn,_,Ge,S4
and pure AgyGeSq. Lastly, we use density functional theory
calculations to discuss the role of Ag—S bonding in dictating
the energetically preferred structure.

2. EXPERIMENTAL DETAILS

Crystal Growth. Both of the Ag—S and Sn—S binary phase
diagrams have accessible liquid regions for compositions near Ag,S
and compositions between SnS, and SnS with eutectic temperatures
as low as 740 °C.*>*7 Perhaps more importantly, studies of parts of
the ternary Ag—Sn—S phase diagram indicate the existence of an
exposed liquidus surface for the primary formation of AggSnSs.** On
the basis of the existing phase diagram data, as well as our experience
with S-based growths, we used Ag,S (Alfa-Aesar, 99.5%), S (Alfa-
Aesar 99.99%), and Sn (Alfa-Aesar, 99.99%) in a molar ratio
35:38:27, respectively, giving a stoichiometry of Ag, Sn;¢S,; as the
initial composition of our melt. The reactions used approximately 3 g
total of starting reagents.

To test our ability to safely grow AgySnS out of the ternary melt in
a well controlled manner, we first placed the Ag,S—S—Sn mixture into
a 2 ml fritted alumina crucible set,” sealed the crucible set into an
amorphous silica ampule under a 1/4 atm of high purity Ar, and
gradually heated to 800 °C over 10 h. After holding at 800 °C for 10
h, the ampule was removed from the furnace, inverted into a
centrifuge, and decanted.*”*® All of the materials passed through the

frit with (i) no apparent attack on the alumina crucible, (ii) no
evaporative loss of material from the crucible, (iii) no evidence for
overpressure in the growth ampule. On the basis of these results, we
performed a second growth, again heating to 800 °C, dwelling for 10
h, and then cooling over 200 h to 625 °C. After decanting the excess
liquid, large, mirror-faceted, single crystals of AggSnS4 weighing up to
1 g with dimensions as large as S—10 mm were recovered (see the
inset of Figure 1). Ge alloyed samples were prepared in the same
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Figure 1. Powder X-ray diffraction pattern obtained on a powdered
crystal of AggSnS4. The solid lines are the fitted results of a Rietveld
refinement and are in good agreement with the rt Pna2; structure of
AggSnSg with refinement statistics R,,, = 4.95 and GOF = 1.39. The
inset is a picture of a flux grown crystal on a mm grid; the grid is
reflected in two of the facets.

manner, substituting elemental Ge (Alfa-Aesar, 99.99%) for Sn using
initial compositions of Ag,;(Sn;_,Ge,),6S43 to produce single crystals
of AggSn,_,Ge S¢ (x = 0.1, 025, 1).

Powder X-ray Diffraction. To confirm the structure and phase
purity of the flux grown crystals, samples were analyzed with powder
X-ray diffraction (PXRD). Pieces of the crystals were ground by hand
in a mortar and pestle to a fine powder, sifted through a 35 ym mesh
sieve, and diffraction patterns were collected at room temperature on
a Rigaku Miniflex-1I instrument operating with Cu Ko radiation (1 =
1.5406 A) at 30 kV and 15 mA. The crystal structure was refined
using the Rietveld method with GSAS-II software.*'

Magnetization. Temperature-dependent magnetization measure-
ments were performed in Quantum Design Magnetic Property
Measurement System (MPMS-classic and MPMS-3) SQUID
magnetometers operating in the DC measurement mode and in a
field of 10 kOe. To avoid potential oxygen adsorption on the surface
of the samples, several randomly oriented crystals (total mass ~80
mg) of AgeSnS¢ were sealed in a partial argon atmosphere between
two fused silica rods of similar length in a fused silica tube. The length
of the rods and the tube were such that the only additional
contribution to the magnetic signal from the assembly comes from the
gap between the rods in which the samples are contained. This
contribution was subtracted using the size of the gap and previous
calibration. The powder samples were measured in a gel capsule
which was mounted in a straw. To allow for evacuation, pinholes were
poked in the straw and in the top of the capsule. For the powder
samples, a separate background from an empty capsule was measured
and subtracted. The measurements were conducted between 5—300
K with a heating/cooling rate of 0.5 K-min™' between each
temperature step. To study hysteresis and It metastability, we also
quenched (cooled as rapidly as possible, at 212 K-min™") the sample
to base temperature and measured on warming. In addition, time-
dependent measurements of the magnetization were performed at 40,
60, and 80 K for up to 3000 min (see Figure S4). These
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measurements were made after rapidly cooling (~12 K-min™"') the
sample from 300 K to the target temperature (where the samples were
cooled with the field applied).

Thermal Expansion. Measurements of the macroscopic length
change of a crystal of AggSnS4 were performed using strain gauges.
Similar to the design of Kabeya et al,** the full setup used a
Wheatstone configuration consisting of two strain gauges and two
thin-film resistors. One strain gauge (type FLG-02-23, Tokyo Sokki
Kenkyujo Co., Ltd. with R ~ 120 Q) was fixed rigidly to the sample
by using Devcon S min epoxy (No. 14250). The second (identical)
strain gauge was fixed to a sample of tungsten carbide, which has a
comparatively small thermal expansion coeflicient over a wide
temperature range, to roughly balance out the intrinsic resistance
changes of the strain gauges. In addition, two thin-film resistors with
similar and almost temperature-independent absolute resistances of
~120 Q were used to complete the Wheatstone bridge. The measured
resistance changes were converted into relative length changes using
the known gauge factor of the strain gauges (that was assumed to be
temperature independent). The cryogenic environment was provided
by a closed cycle cryostat (Janis SHI-950 with a base temperature of
~3.5 K). Temperature control was provided by a LakeShore 336
temperature controller. Helium exchange gas was used to allow for
fast cool-down times. The measurements were not aligned along a
specific crystallographic direction.

Structure Determination. The crystal structure of AggSnS, was
determined at 295, 160, and 90 K by single crystal X-ray diffraction.
For these measurements, a small, suitable crystal was selected. Single
crystal data were collected with a Bruker D8 VENTURE
diffractometer (Photon CMOS detector, Mo—IuS microsource, and
Oxford Cryosystem 800 It device). Data integration, absorption
correction, and unit cell determination were performed with APEX 3
software. The starting atomic parameters were obtained by direct
methods with the SHELXS-2017.* Subsequently, the structures were
refined using SHELXL-2017 (full-matrix least-squares on F2). Single
crystal X-ray diffraction data were first collected at 295 K. Afterward,
the sample was slowly cooled to 90 K at a rate of 1 K'min™", held at
90 K for 30 min, and a full data set was collected at 90 K. The next
data sets were collected on heating at 160 and 295 K. In both cases,
the crystal was warmed at 6 K'min~' and held at the target
temperatures for 30 min prior to collection. Lastly, single crystal data
were obtained on a crystal cooled as quickly as possible to 90 K. To
accomplish this, the crystal was dismounted and rapidly (a few
seconds) mounted back, directly into the nitrogen gas flow, allowing
for fast cooling to 90 K.

Variable-Temperature Lattice Parameters. The temperature-
dependent lattice constants were determined by tracking the rt
orthorhombic (8 0 4),,, (0 4 4),,, and (0 0 6),, Bragg peaks collected
on single crystals. Measurements were performed on a four-circle
diffractometer using Cu Ka; radiation generated from a rotating
anode X-ray source using a germanium (1 1 1) monochromator.
Scattered X-rays were measured using an FMB Oxford avalanche pixel
diode (APD) single detector system. The sample was mounted on a
copper pin using Crystal Bond. The sample was mounted in an ARS
4-800 K He-closed cycle refrigerator. The sample space is sealed with
a He exchange gas within the inner Be dome. Two further Be domes
were mounted to act as a heat shield and the vacuum shroud. Because
during the growth process, the crystals are cooled through a known
high-temperature cubic to orthorhombic structural transition that
occurs at 460 K,** the orthorhombic sample used in this experiment
was highly twinned, that is, cryptomorphic. The crystals form with
facets perpendicular to the [1 1 1]pc (PC = pseudocubic) direction
which in the rt orthorhombic structure split into the [2 0 1], and [0 1
1], directions. We aligned the crystal within the [0 1 1],—[1 1 1],
plane, which gives access to a large number of peaks from the available
twin domains. Two peaks, the (8 0 4), and (0 4 4),,, were isolated
from other peaks to give a measure of the a and b lattice parameters.
The out of plane (0 0 6),, peak was measured to determine the ¢
lattice parameter. We first cooled from 300 to 10 K at 0.2 K-min™".
The diffraction data used to determine the lattice parameters were
collected by following the evolution of the above peaks on warming at

0.1 Kmin™'. The lattice parameters were calculated from the
diffraction data using Bragg’s law and with the rt (Pna2;) unit cell
as a basis. Below 120 K, the a and b parameters were transformed into
the correct values for the It phase according to the relationship 2by, —
a,, in accordance with the relationship between Pmn2, and Pna2,
space groups.**

Computational Methods. Total energies and density of states
(DOS) were calculated in density functional theory45’46 (DFT) with
PBEsol"’ exchange-correlation functional, a plane-wave basis set, and
projected augmented wave® (PAW) method as implemented in
VASP.*% A T-centered Monkhorst—Pack® k-point mesh of (6 X 6
X 4) and (3 X 6 X 4) with a Gaussian smearing of 0.05 eV was used
for the It and rt structures with 30 and 60 atoms in the unit cells,
respectively. A kinetic energy cutoff of 323.4 eV was used to fully relax
the unit cell and atomic positions until the absolute force on each
atom was below 0.02 eV/A. For bonding and antibonding analysis,
the LOBSTER®® code was used to construct the crystal orbital
Hamiltonian population (COHP) for nearest neighbor Ag—S pairs
with the bond distance from 2.2 to 3.0 A.

3. RESULTS AND DISCUSSION

The inset of Figure 1 displays an example of a single crystal
grown from the Ag—Sn—S melt. To determine the identity and
phase purity of the crystals, we analyzed samples with powder
X-ray diffraction at room temperature. Figure 1 shows a
representative powder pattern and refinement of the
experimental data. The crystals adopt an orthorhombic
structure with the Prna2, space group consistent with the rt
phase of AggSnS¢. The refined lattice constants are a = 15.315
S(9) A, b=7.5532(4) A, c=10.700 0(6) A, in agreement with
prior reports of AggSnSs.”****” The experimental pattern has
no observable peaks from secondary phases, supporting
successful synthesis of phase-pure materials within the accuracy
of our PXRD analysis. Considering the known structural
diversity among the broader argyrodite family and the limited
It data on AggSnSs;, we explored the potential for phase
transitions in AggSnSs below room temperature. We first
measured the magnetization of AggSnSs between 5—300 K.
The temperature-dependent magnetic susceptibility (M/H) is
presented in Figure 2a, which shows M/H is negative at all
temperatures, indicating diamagnetic behavior, and is con-
sistent with our expectation of AgsSnS, being a valence precise
semiconductor. At high temperatures, M/H has a weak
temperature dependence and increases slowly on cooling
from —2.6 X 10™* emu'mol™" at 300 K to —2.55 X 10™* emu-
mol™' at 120 K. The susceptibility data have an abrupt
discontinuity at 120 K, falling from —2.55 X 10™* emu-mol ™'
to —2.62 X 107* emu'mol™". Given AggSnSy is a moderate gap
semiconductor with no local moment behavior expected or
measured, the clear transition observed in M/H suggests
AggSnS¢ undergoes a structural phase transition below ~120 K.

To provide more detailed characterization of the phase
transition, we tracked the thermal expansion of AggSnSq
between S and 300 K. Figure 2b displays the measurement
results, given as the magnitude of the temperature-dependent
length change normalized to the initial length at room
temperature, [L(T) — L(300 K)]/L(300 K) (referred to in
the text as AL/L)). As shown in Figure 2b, the values of AL/L
show a rapid and large drop when AggSnS¢ is warmed above
120 K, implying the sample dimensions suddenly contract
when this temperature is exceeded. The sudden, jump-like,
length change suggests a first-order phase transition, and is
characteristic of a structural transformation. The transition
temperature closely matches what is observed in the
magnetization data, and together the two measurements
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Figure 2. Temperature-dependent physical properties of AggSnSy
single crystals: (a) magnetic susceptibility (M/H); (b) magnitude of
the thermal expansion; (c—e) lattice parameters; and (f) unit cell
volume. All data sets were measured on heating.

strongly suggest AgeSnS¢ undergoes a first-order structural
transition at 120 K. The feature near 30 K in Figure 2b is an
artifact caused by the slightly different temperature depend-
encies of the resistances of the strain gauges (used to
determine AL/L) at low temperatures.

Having found evidence for a previously unknown structural
phase transition in AggSnSy, we performed single crystal X-ray
diffraction at 295, 160, and 90 K to determine the crystal
structure of the It phase. Details regarding the structural
refinements are given in the Supporting Information in Table

S1, and the crystallographic information regarding the atomic
positions, thermal displacement parameters, and individual
Ag—S and Sn—S bond lengths are provided in Tables S2—S11.
Figure 3 compares the room and It structures of AggSnSy as
determined by our single crystal diffraction analysis conducted
at 295 and 90 K.

The first data set collected at 295 K agrees with the expected
rt orthorhombic unit cell with space group Pna2; (#33) and a
= 152993(9) A, b = 7.5479(4) A, ¢ = 10.7045(6) A, and
phase volume V/Z = 309.03(3) A%, where Z = 4 is the number
of formula units per unit cell in the rt structure. These results
are consistent with earlier literature.”*>> The rt structure is
complex, as illustrated by Figure 3a,b. All the atoms occupy the
Wyckoff position 4a and are labeled respectively as Agl—Ag8,
Sn, and S1—S6. The local environments of the Ag atoms are
diverse, with Ag found in distorted tetrahedra (Ag2 and Ag6)
as well as trigonal planar (Agl, Ag3, Ag4, and Ag7) and linear
(AgS) coordination by S. As given in Table S11 of the
Supporting Information, the Ag coordination environments are
all distorted from the ideal geometries with a wide span of Ag—
S bond lengths ranging from 2.4 to 2.69 A. Each Sn atom is
likewise coordinated by a distorted tetrahedron of S atoms
with bond lengths of approximately 2.37 A. The Ag—S and
Sn—S tetrahedra form a complicated three-dimensional corner
sharing network, with some tetrahedral vertices also linked by
the linear and trigonal planar coordinated Ag atoms as shown
in Figure 3a,b.

Analysis of the 90 K diffraction data confirms the structural
phase transition. We find that at low temperatures, AggSnSg
adopts a different orthorhombic structure with the space group
Pmn2, (#31) and cell parameters a = 7.662 9(5) A, b = 7.539
6(5) A, c=10.6300(6) A, V/Z = 307.08(4) A’ (Z =2 in the It
structure). The It polymorph of AggSnSy is isostructural to the
rt forms of the related Se-based argyrodite compounds
AgySnSe, and AgSGeSe6.54_56 Several perspectives on the It
variant of AggSnSy are illustrated in Figures 3d—f. In the It
polymorph, Ag atoms occupy three 4b and two 2a Wyckoff
sites, Sn occupies one 2a Wyckoft site, and S occupies one 4b
and four 2a Wyckof! sites. As in the rt phase, there is one Sn
atom occupying a distorted tetrahedron of S atoms with bond
lengths of approximately 2.38 A. The It unit cell contains five
unique Ag atoms, three of which (Agl, Ag2, and AgS) are
found in acentric trigonal planar coordination by sulfur and
two (Ag3 and Ag4) that are tetrahedrally coordinated. The
Ag—S bond lengths again cover a wide range from 2.44 to 2.79
A (see Table S10 in the Supporting Information). Unlike the rt
phase, the It structure does not contain Ag atoms in linear
coordination.

Notably, Pna2, (#33) is the maximal non-isomorphic
“klassengleich” (class-equivalent) subgroup with index of 2
(k2) of the space group Pmn2, (#31).** Therefore, upon
transitioning from the It to the rt phase on warming, the
primitive-orthorhombic cell is retained, but the volume is
doubled due to the doubling of the b-lattice parameter, leading
to the Pbn2, space group, which is a non-standard notation for
Pna2,. The a and b axis are therefore switched in each
polymorph to achieve standard notation for the Pna2, group.
Effectively, moving from the It to rt structure doubles the unit
cell volume, since a,, & 2by. After the transition, each of the 2a
sites in the It structure transform into a single 4a site in the rt
structure, while the 4b site in the It structure becomes two 4a
sites in the rt structure. Figure 3 illustrates the relationship
between the two structures, showing how each have similar
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Figure 3. Crystal structure of AggSnS¢ determined at 295 and 90 K. (a—c) 295 K (rt) structure viewed (a) along the a-axis and (b) along the b-axis.
Panel ¢ shows only the S atoms with the perspective titled off the a-axis. (d—f) 90 K (It) structure viewed (d) along the b-axis and (b) slightly tilted
off the g-axis. Panel f shows only the S atoms with the perspective tilted slightly off the b-axis. The perspectives in panels ¢ and f emphasize the
straightening of the S columns in the It polymorph. Note that a,, becomes by.. The color code is as follows: Ag, gray; Sn, purple; S, yellow. The solid

black lines denote the unit cell of each structure.
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Figure 4. Temperature dependence of the (a) (0 0 6),, (b) (8 0 4),,, and (c) (0 4 4),, Bragg peaks of a AggSnS; single crystal measured upon

warming between ~100—140 K on a 4-circle diffractometer.

connectivity of atoms, manifested most clearly in the chains/
columns of S atoms running down the a and b axes. We
emphasize this in Figure 3 panels ¢ and f by showing only the
positions of the S atoms in each polymorph. In the rt phase,
the S columns are slightly nonlinear, but in the It structure the
chains straighten such that the S atoms overlay when viewed
down the b-axis. In this light, the rt structure can be viewed as
a distortion of the It phase, in which the new periodicity
resulting from the bending of the S chains doubles the unit cell
along the by, (or a,) direction. This relationship is somewhat
unusual, differing from the more common reduction of
symmetry on cooling. Comparing the three polymorphs of
AggSnSy, the crystal structure becomes increasingly distorted as
the temperature rises. Starting from the It Pmn2, arrangement,

19349

the linear S chains become bent on transitioning into the rt
Pna2, structure, and this is accompanied by an increase in the
diversity of local coordination environments adopted by the Ag
atoms. Finally, the Ag sublattice enters a highly disordered
state in the ht cubic phase with high ionic conductivity, where
the Ag atoms are distributed over three partially occupied sites.

After determining the It crystal structure, we next measured
the temperature dependence of the lattice parameters by
following the rt orthorhombic (8 0 4),, (04 4),, and (0 0 6),,
diffraction peaks collected on single crystals. Figure 4 shows
the evolution of the Bragg peaks on warming in the vicinity of
the transition, between ~100—140 K. Each peak shows sudden
changes as the temperature rises above 2120 K, indicative of
the phase change. The (0 0 6), peak shifts to lower 20 by
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~0.1°. The (8 0 4), reflection moves to higher 26 and is
significantly reduced in intensity. The (0 4 4),, peak moves to
higher 20 and has strongly enhanced intensity. Close
inspection of the data collected at ~120 K shows reflections
corresponding to each structure, implying coexistence of both
phases across the transition region, which is characteristic of a
first-order transformation (the peaks corresponding to each
phase are marked by arrows in Figure 4).

Figure 2c—e display the temperature-dependent lattice
parameters extracted from the data. The lattice parameters
all show abrupt discontinuities at 120 K, consistent with the
magnetization and thermal expansion measurements. On
warming from the base temperature, the a-, b-, and c-lattice
parameters all increase weakly up to approximately 120 K, after
which the 2by, expands and becomes a,,, while a; contracts and
becomes b,. The unit cell dimensions and phase volume all
increase gradually with further heating above 120 K. The
values at room temperature and 90 K agree with those
determined by the single crystal structural refinements
discussed above.

An unusual feature of the rt—It phase transition is that it
does not occur in finely ground (powder) samples. Before
conducting the X-ray diffraction experiments described above
for single crystals, we first attempted to use variable
temperature powder XRD to determine the temperature
dependence of the lattice parameters. The results of these
experiments are presented in Figure S1 in the Supporting
Information, and show no evidence for a transition to the
Pmn2, polymorph. Separate magnetization measurements were
also conducted on AggSnS; powders (Figure S2 in the
Supporting Information), and these too provide no evidence
of the phase transition. The absence of the rt—It transition in
powdered samples suggests that damage caused by fine
grinding (for example dislocation lines, site/antisite disorder,
strain, etc.) arrests the transition. Annealing of ground powders
(at 170, 250, and SO0 °C) did not restore the single crystal
behavior in magnetic data (data not shown), suggesting that
whatever damage was done by grinding is not readily removed.
Whereas fragile magnetic phase transitions,>’ for example, such
as those found for YbPtBi,*® are known to be susceptible to
strain of small structural perturbations, it is uncommon to have
a 100 K, structural phase transition exhibit such sensitivity to
damage induced by fine grinding. Ultimately, while the absence
of the transition is anomalous, detailed investigation of this
phenomenon is outside the intended scope of this manuscript.

Given that the transition is structural and appears to be first-
order in nature, we also collected magnetization and thermal
expansion data upon heating and cooling. The magnetic data
are shown in Figure Sa, demonstrating large hysteresis in M/H
between heating and cooling at 0.5 K:min~'. Comparable
hysteresis is also detected in the thermal expansion data, as
displayed in Figure Sb. Since the extent of the hysteresis can
depend on the rate of temperature change, we quenched our
samples (i.e., cooled as rapidly as possible to S K) and then
measured upon slowly warming. For both magnetization and
thermal expansion measurements, the trend from 5 to 60 K
(after quenching) appears to match a rough extrapolation of
the 130—300 K data to lower temperatures. As the sample is
heated above 60 K, both magnetization and thermal expansion
data sets show a clear drop followed by a rapid increase on
warming at 120 K. These results imply that fast cooling traps
the crystal in the rt phase. The metastable state is maintained
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Figure S. Thermal hysteresis of the structural transition in AggSnSs.
(a) Temperature-dependent magnetic susceptibility and (b) thermal
expansion. See text for details about quenching.

upon slow warming until about 60—70 K, where both the M/H
and AL/L data return to the slow heating/cooling manifold.

We furthermore measured the thermal expansion with
different heating and cooling rates. The results are presented in
Figure S3 in the Supporting Information, and indicate cooling
at a rate faster than 4—5 K/min is sufficient to arrest the
crystallographic transformation. On warming, a clear transition
to the It polymorph begins at 60 K, and this transformation is
relatively insensitive to the heating rate. Given that the
metastable state appears to be preserved below 60 K, we last
tracked the magnetic susceptibility over time at T = 40, 60, and
80 K to determine how quickly the thermodynamically stable It
variant is recovered after quenching to each temperature.
Figure S4 in the Supporting Information shows the results. We
find that the transition into the It polymorph begins almost
immediately at 80 K, takes 100s of minutes to become
noticeable at 60 K, and remains in the metastable rt phase for
the duration of our 1000 min measurement at 40 K.

The It—rt phase transition can be considered as a
reconstructive phase transition;>” for example, chemical
bonds are broken and reformed. Such transitions involve
considerable atomic motions and are always first-order with
hysteresis. The hysteresis can be understood as a case of
kinetic arrest,”" caused by the competition between the Gibbs
free energy (the transformation driving force), the strain
energy (transformation opposing force), and the thermal
energy that allows for atomic rearrangement. Our thermal
expansion and magnetization data suggest the thermal energy
below at least 40 K is insufficient to drive the structural

https://doi.org/10.1021/acs.inorgchem.1c03158
Inorg. Chem. 2021, 60, 19345—19355


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03158/suppl_file/ic1c03158_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03158/suppl_file/ic1c03158_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03158/suppl_file/ic1c03158_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03158/suppl_file/ic1c03158_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03158?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03158?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03158?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03158?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(a) so ——mm—————————————
Pna2, (#33)
;“.40 | —— Pmn2, (#31) |
=S
=
%30- E
W
2
m 20} 4
2
8
10 H J
a 'l A

O L L
14 -12 10 8 6 4 -2 0 2 4 6

E-E;(eV)
ol Pmn2, (#31) i
. Ag 5s
] ——Ag 4d
< 50l ——S3s |
> ——S3p
A Sn (5s + 5p)
Q
= 20 1
)
3
S 10 g
Q

0
14 12 10 8 6 -4 2 0 2 4 6
E-E; (eV)

(c) : . :

Pna2, (#33) |
—— Pmn2, (#31)

15 1 1
6 -4 2 0 2 4

E-E:(eV)

Pna2, (#33)
-0.95 F —— Pmn2, (#31) 1

N

=}

S
T
"

4
a
o1
T
L

-1.20 .

1 I

-1.25 . L L
10 -08 -06 -04 -02 0.0 0.2

E-E: (eV)

Figure 6. (a) DFT calculated density of states for AggSnSy in the rt (Pna2,) and It (Pmn2,) structure. (b) Orbital projected density of states for
AggSnSy in the It structure. (c) Crystal orbital Hamiltonian population (COHP) plots for nearest neighbor Ag—S interactions in AggSnSy for the rt
and It structures. (d) Integrated COHP for each structure. The arrows in panels ¢ and d mark the positions of relevant antibonding COHP peaks

that shift to higher energy in the It structure.

rearrangement to the It polymorph, allowing for the sample to
be arrested in the rt structure by rapid cooling. On warming
the quenched sample, the structure transforms to the
thermodynamically favored It structure when the thermal
energy overcomes the activation barrier. These results suggest
that AggSnSs may serve as a model system for the study of
time—temperature—phase relations associated with a quench-
able, structural phase transition. The advantages of AggSnS are
(i) it is a stoichiometric phase that can be grown in high purity
form and (ii) the transition from one phase to another can be
monitored by a contact-free measurement such as magnet-
ization.

Although we were not able to perform single crystal X-ray
diffraction studies below 90 K, that is, we could not reach the
quenched, metastable rt structure that exists for long periods of
time below 40 K, we could still directly compare the two
orthorhombic structures (rt and It versions) at the same
temperature by taking advantage of the hysteresis of the phase
transition (i.e., in the 90—125 K region in Figure 5). Given that
the width of the hysteresis depends on cooling rate (Figure
S3), we cooled a sample as rapidly as possible to 90 K and
collected single crystal diffraction data (see the experimental
section for more details). After fast cooling, the diffraction data
revealed an orthorhombic Pna2, unit cell (a = 15.2724(9) A, b
= 7.5197(5) A, ¢ = 10.6569(7) A, V/Z = 305.98(3) A%),
consistent with rt AgeSnSs. The quickly cooled, 90 K, results
are in qualitative agreement with the behavior of the lattice

parameters shown in Figure 2c—f. Table S11 in the Supporting
Information compares Sn—S and Ag—S bond lengths
determined by the single crystal data at each temperature,
and we find that at 90 K, most bonds are slightly longer in the
It variant than in the 90 K rt Pna2, arrangement, consistent
with the larger V/Z of the It structure.

Like rt AggSnSg, the related argyrodite compounds AggGeSgy
and AggSiS¢ both adopt the Pna2, structure,*”®® whereas
AgySnSeys and AggGeSe, take the Pmn2, form.>*>° From this
information, we observe a trend relating the unit cell
dimensions (normalized to Z) to the preferred structure of
each material. Owing to the smaller size of Ge and Si
compared to Sn, AggGeSy and AggSiS4 have smaller respective
phase volumes of 299 and 296 A’ compared to 309 A* for
AgeSnS¢. Similarly, Se is larger than S, and AggGeSeqs and
AggSnSe; both have larger V/Z of 328 and 342 A%, respectively.
The preferred structures indicate that increasing V/Z favors the
Pmn2, arrangement. This reasoning is consistent with the
intermediate V/Z of AggSnSs and the observation of both
polymorphs in this compound.

To support this argument based on crystallography, we used
DFT to compare the calculated formation energies of AggSnSq
and AgyGeS4 in both Pna2; and Pmn2, structures at zero
temperature. With the PBEsol exchange-correlation functional,
the fully relaxed lattice parameters for AggSnSg are a = 15.03 A,
b=7.40A, and ¢ = 10.58 A for the rt structure, and a = 7.63 A,
b=742A, and ¢ = 10.49 A for the It structure. Both relaxed
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lattice parameters are within 2% and smaller than the
experimental data, which is typically acceptable for PBEsol.
The corresponding total energy difference (AE) favors the It
structure by 0.14 eV-fu.”" (or 9.5 meV-atom™"), agreeing with
the experimental observation of the Pmn2,; variant being the
ground state structure. For AggGeSy, the calculations indicate
the Pmn2, structure is also more stable, but by only 2.9 meV-
atom™'. We note that the calculated AE is only weakly affected
by the inclusion of spin—orbit coupling (SOC), changing to
9.7 meV-atom™" for AgeSnS. Thus, the following results are all
from DFT calculations without SOC.

The calculations are qualitatively consistent with our
suggestion that the Pmn2, structure is favored to a greater
degree for larger phase volume. This implies that applying
pressure to AggSnS, or contracting the lattice, should suppress
the transition temperature. We tested this by applying chemical
pressure through isovalent alloying with the smaller Ge in place
of Sn. We prepared single crystals of AggSn,_,Ge,Ss (nominal
x = 0.10, 0.25) and pure AggGeS, following the same growth
procedure used for the AggSnSs. Powder X-ray diffraction
analysis indicates successful Ge incorporation (Figures S4 and
SS). The lattice parameters decrease monotonically moving
from AgeSnSy to AgsGeSy with a greater slope than anticipated
by Vegard’s law, which may suggest the samples are enriched
with Ge with respect to the nominal compositions. Magnet-
ization data measured from S to 300 K is given in Figure S7,
and we find no evidence for a phase transition in any of the Ge
containing samples. Although we cannot definitively rule out a
disorder broadened transition, the magnetization data support
the arguments presented here, and indicate that the lattice
contraction caused by even a relatively small (&~ 10%) addition
of Ge is sufficient to eliminate the transition. Suppression of
the transition after lattice contraction is likewise consistent
with our X-ray analysis, which showed an increase in V/Z
when cooling through the transition. In principle, our
arguments could be further tested by expanding the lattice
with "negative pressure” or alloying with larger atoms, which
we anticipate would raise the transition temperature of
AgeSnSe. Likewise, we predict that applying pressure to
AgyGeSes may stabilize a currently unreported Pna2,
polymorph.

Our calculations and experimental results indicate the
preferred structure of the argyrodite members is closely related
to the normalized unit cell volume. This observation is likely
grounded in the different strengths of the chemical bonding in
each material, which will naturally be reflected in the bond
lengths. The structures adopted by the various argyrodite
materials, along with the experiments and calculations
presented here, suggest that larger volume (longer bonds)
favors the Pmn2, variant. Because the local tetrahedral
coordination environment around Sn remains essentially
unchanged in each phase, whereas the changes to the Ag—S
sublattice are more significant, we anticipate the Ag—S
interactions are most important in determining the preferred
structure.

To provide more insight into the role of chemical bonding in
determining the relative stability for the two AggSnSq
structures, we also used DFT to calculate the density of states
(DOS) and crystal orbital Hamilton population (COHP) for
each polymorph. Figure 6a shows the calculated total DOS for
each structure of AggSnSy, and Figure 6b displays the atomic
orbital projected density of states (PDOS) for the It structure
to show the positions of the relevant bands. The overall DOS

for each structure are very similar. The states from —14 to —12
eV are mostly from the S 3s orbitals, and those from —8 to —7
eV are primarily from Sn Ss orbitals, respectively. The Sn Sp
bands (plotted together with Sn Ss) spread out in a broad
energy range above —6 eV and have low magnitude due to the
small number of Sn atoms. The Ag 4d bands range from —6
and 0 eV, with the main peak centered around —3.5 eV. The
Ag Ss bands spread from —6 eV to the conduction band, with
the greatest contribution being from —6 to —5.5 eV, where
they overlap with the lower edge of the Ag 4d bands. The S 3p
bands range from —8 eV to the conduction band with two
regions of greatest contribution, one from —6 to —4.5 eV and
the other from —2 to 0 eV.

The COHP for nearest-neighbor Ag—S pairs is presented in
Figure 6c. COHP decomposes the density of states into
nearest neighbor pair interactions and gives information on
bonding and antibonding contributions to the band structure
energy,”" respectively denoted by negative (stabilizing) and
positive (destabilizing) COHP values. The COHP plot clearly
shows that the Ag—S band hybridization from —6 to —3.4 eV
gives bonding states and that the states above —3.4 eV are
antibonding. The relative stability of the two structures
depends on the details of how the states in these bonding
and antibonding regions distribute differently, which reflects
the rearrangements of Ag—S local coordination and the
different bond lengths in each structure. In the bonding
region, the primary COHP peaks reach more negative values in
the It structure. Likewise, in the antibonding region, the most
notable change is the shift of the COHP peak from —0.6 to
—0.2 eV as indicated by the two vertical arrows in Figure 6c.
The effects of these changes on the overall stability are
captured by integrating the COHP (ICOHP) to the Fermi
level, which gives the contribution from the nearest neighbor
Ag—S pairs to the total energy. As shown in Figure 6d and
zoomed just below the Fermi energy Ey, after integrating up to
Eg, we ultimately find the It arrangement to be more stable
than the rt structure by 2 meV/pair, in qualitative agreement
with our overall DFT energy calculations discussed earlier. The
calculations therefore indicate that differences in the Ag—S
bonding significantly impact the energetically favored
structure.

4. SUMMARY AND CONCLUSIONS

We grew single crystals of the semiconducting mineral AgeSnS4
from a Ag—Sn—S melt. Temperature-dependent magnet-
ization, thermal expansion, and X-ray diffraction measurements
demonstrate AggSnSy crystals undergo a structural transition
from the rt (Pna2,) form to a different orthorhombic (Pmn2,)
structure below 120 K (on warming). The It polymorph is
isostructural to the related argyrodites AggSnSe, and AggGeSe.
We find the transition temperature to be strongly dependent
on the cooling rate, and samples rapidly quenched at speeds
faster than ~4—S K-min™' can be trapped in a metastable form
of the rt phase for temperatures up to at least 40 K. As such,
AgeSnS4 may serve as a model system for the study of time—
temperature—phase relations associated with a quenchable,
structural phase transition. On the basis of the structures
preferred by each family of argyrodite materials AggTQ, (T =
Si, Ge, Sn; Q = S, Se), we suggest that lower volumes (per
formula unit) increasingly favor the Pna2, variant. We support
this picture by applying chemical pressure to AggSnS4 by
alloying with Ge to form AgeSn,_,Ge,S, and find that a small
lattice contraction from 10% incorporation of Ge is sufficient
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to avoid the It-rt phase change in AggSn,_,Ge,Ss. We last use
density function theory calculations to suggest that differences
in Ag—S bonding determine the energetically preferred
structure.
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