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The structural transformations accompanying the low-temperature phase transition (PT) f'—vy in the
argyrodite AgsSnSec characterized by mixed electron-ionic conductivity, have been studied using nuclear gamma
resonance (NGR) and X-ray diffraction (XRD). Parallel Mdssbauer studies were performed on the structurally
related canfieldite AgsSnSe. An abrupt decrease in the probability of the Mdssbauer effect and isomer shifts was
observed in argyrodite and canfieldite near 356 K and 445 K, respectively, corresponding to phase transitions in
these compounds. Spatial models of the first and second coordination spheres of AgsSnSes in the B” and y-

modifications have been proposed.
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Introduction

Significant interest has been shown in solid-state
materials exhibiting high ionic and mixed electronic-ionic
conductivity, which are referred to as superionic
conductors or solid electrolytes (SE) [1]. The high ionic
conductivity of solid electrolytes is attributed to the
presence of ordering in their crystal lattices, which can be
classified as follows: (1) intrinsic ordering, including
Schottky and Frenkel defects as well as radiation-induced
defects; (2) impurity ordering caused by foreign atoms;
and (3) structural ordering [2]. Tons located in partially
occupied sites of the structurally ordered crystal lattice of
solid electrolytes are capable of moving through
crystallographic  channels through crystallographic
channels that form one-, two-, or three-dimensional
networks which facilitate their high ionic mobility [3, 4].
Practical interest in solid electrolytes arises from the
possibility of creating heterophase structures based on
them, such as solid electrolyte—metal and solid
electrolyte—semiconductor interfaces. These
heterostructures serve as the foundation for new functional
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elements, including high-capacitance  capacitors,
optoelectronic  electrochromic  devices, solid-state
batteries (such as ion-conducting glass), FLASH memory
elements, and others [5, 6, 7, 8, 9]. Such materials also
exhibit unique photocatalytic and thermoelectric
properties [10, 11].

The compound AgsSnSes belongs to the subgroup of
ternary chalcogenides with the general formula A'sB™VX,
(Al = Cu, Ag; BV = Si, Ge, Sn; X = S, Se, Te). This
subgroup, in turn, belongs to a rather broad group of
compounds which were first described by W.F. Kuhs et al.
[12] with the general formula A™ (12- . xymB" X% 6.xYx (A:
Cu, Ag, Cd, Hg; B: Ga, Si, Ge, Sn, P, As; X= S, Se, Te;
Y=Cl, Br, I; 0 <x < 1) [13]. All these compounds exhibit
quite interesting common features. First and foremost,
they demonstrate polymorphism. The phase transition
temperatures of ternary chalcogenides are close to room
temperature and can vary from 325 K for AgsGeTes to
507K for AggSiSe¢ [14]. In the high-temperature
crystalline phase, they possess a face-centered cubic
lattice (space group F43m) with an ordered cation
sublattice A. This, in turn, creates conditions for the
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existence of ionic conductivity. The group of compounds
AgsSnXe (X = S, Se) belongs to materials with mixed
conductivity.

The aim of this work is to investigate the structural
transformations associated with the phase transition B'—y
in argyrodite AgsSnSes and the phase transition a”"—vy in
the structurally related canfieldite AgsSnSs, employing
Mossbauer spectroscopy and X- ray structural analysis.

I. Preparation and methods of study of
AgsSnSes and AgsSnS¢ compounds

The compound AgsSnSes was synthesized via a solid-
state reaction from chemically pure elemental substances.
Stoichiometric amounts of Ag (99.999%), Sn (99.999%),
and Se (99.999%) were placed into a quartz ampoule,
which was evacuated to a pressure not worse than 1073 Pa
and then sealed. The ampoule containing the charge was
placed in the center of a resistive furnace and slowly
heated to the point of direct melting. The synthesis of the
compounds was carried out in detail according to the
method described in [15,16] From the obtained
polycrystalline materials, block-shaped single crystals
with linear dimensions up to 4 mm were grown by the
pseudo-sublimation method. Crystals obtained from the
same batch were used for structural and Mossbauer
studies.

Mossbauer spectra of Sn-119 nuclei were recorded
using a nuclear gamma resonance spectrometer operating
in the constant acceleration mode. CaSn'"*™Q; served as
the gamma-ray source, maintained at a temperature of 295
K. Calibration of the Mossbauer spectra was performed
using the spectra of a-Fe>O3; and SnO,. The instrumental
linewidth was equal to Gi, = 0.65 mm/s. Samples of
AgsSnSes and AgsSnSe with a thickness of 0.1 mg/cm?
based on Sn''®, were placed in a vacuum furnace where
the temperature during measurements was varied from
295 K to 700 K. Temperature stabilization was maintained
with an accuracy of £0.2 K. The Mdssbauer spectra were
analyzed assuming Lorentzian line shapes for the
resonance lines.

Intensity, arb. units

T=295K
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X-ray structural studies before and after the p'—y
phase transition in argyrodite were conducted using X-ray
diffractometer. For temperature-dependent diffraction
measurements, powdered samples were placed in a
vacuum-sealed  thermal  chamber. = Temperature
stabilization was maintained with an accuracy of £0.05 K.
Experimental data arrays in the format of intensity versus
20 angle were obtained using the step-scan method (step
size of 0.03° in 20 scale with a counting time of 10-15 s
per point) and Cu Ka radiation. The crystal structure type
was determined based on plausible structural models of
the argyrodite lattice. Refinement of the structural
parameters was performed using experimental data arrays
of intensity versus 20 angle obtained from X-ray
measurements, applying the Rietveld method with the
WinCSD software package [17].

II. Results and discussion

2.1. Diffractograms of AgsSnSes argyrodite and its
structure parameters.

X-ray diffraction patterns of powdered AggSnSeq
were recorded at 295 K and 393 K (Fig. 1 and 2). The
crystallographic parameters of the ' and y - phases of
AggSnSeg were determined from these diffraction patterns
(Tables 1 and 2) [18]. Sn atoms in the y phase of AggSnSeq
are located at the centers of regular tetrahedra coordinated
by four Se atoms, whereas in the ' phase of AggSnSes,
the tetrahedra are distorted, as evidenced by differences in
Se—-Sn—Se bond lengths and angles (Table 2). The
deformation parameters calculated following the method
[19] described in for bond lengths (c;) and bond angles
(cp) are 0.042 A and 2.60°, respectively.

2.2. Mossbauer effect on Sn'" in argyrodite and
canfieldite in the in the vicinity of phase transitions

Figs. 3 and 4 show the Sn-119 Mdssbauer spectra of
argyrodite AggSnSes and canfieldite AggSnS¢ measured
at T = 295 K. The spectrum of AggSnSeg consists of a
single line with a linewidth of 0.93 mm/s. The Sn-119
spectrum of canfieldite AggSnSs, whose structural
parameters and physical properties are known from the
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Fig.1. X-ray diffraction patterns of AggSnSes measured at T =295 K.
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Fig.2. X-ray diffraction patterns of Ag8SnSe6 measured at T =393 K.
Table 1.
The crystallographic parameters of AgsSnSeg argyrodite at T =295 and 393 K
List B - AgsSnSes at T=295K vy - AggSnSes at T =393 K
Syngony and space group Rhombic, Pnm21 Cubic, F 4 3m
a=7.9165 (6)
The lattice parameters, A b=17.8258 (7) a=11.1230(9)
c=11.0534 (9)
The cell volume, A3 Vc=684.8 (2) Ve =1376.1 (3)
The number of atoms in the cell 30.0 (two formula units) 61.2 (four formula units)
The number of Ag positions in the cell 7 3
Probability of filling partially vacant Ag P=0.921(7); 0.047(7); P =0.324(3); 0.301(3);
positions 0.102(8) 0.068(2)
The number of Se atoms in the first 4 4
coordination sphere relative to Sn
The number of Ag atoms in the second
S . 18 60
coordination sphere relative to Sn
Radius of the first coordination sphere, A 2.60 2.48
Radius of the second coordination sphere, A 4.06 3.98
Angles in Se-Sn-Se bonds See Table 2 109.47°

Table 2.

Interatomic distances (A) and bond angles (degrees) in the SnSe; tetrahedron for the B’ phase of AgsSnSes

(T =295 K)

Bound Distance, A Bound Angle (degree)
Sn-Se(5) 2.482(11) Se(5)-Sn-Se(5) 113.5(4)
Sn-Se(5) 2.482(11) Se(5)-Sn-Se(4) 110.5(4)
Sn-Se(4) 2.525(13) Se(5)-Sn-Se(3) 108.4(4)
Sn-Se(3) 2.584(14) Se(5)-Sn-Se(4) 110.5(4)
Se(4)-Sn-Se(3) 105.0(4)
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Fig. 3. Mdssbauer spectrum of Sn
T=295K.
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Fig. 4. Mossbauer spectrum of Sn
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literature [20,21,22], exhibits a similar shape with a
linewidth of 0.84 mm/s. Each spectrum is composed of a
superposition of two quadrupole-split lines. The spectral
parameters are summarized in Table 3, alongside
corresponding literature data.

Table 3.

Isomer shifts () (relative to SnO5), quadrupole

splitting (A) and spectral line widths (G4/) for argyrodite
and canfieldite at T =295 K

Compound | &, mm/s A, G, Lit.
mm/s mm/s
1.44 0.28 0.93

AgsSnSes 1.51 - 094 | [23]
1.01 0.22 0.84

AgsSnSe 1.52 1.03 | [24]

1.10 - - [25]

The obtained isomer shift values are characteristic of
tetravalent tin [25]. The larger isomer shift for Sn-119 in
AggSnSeq compared to AggSnSe indicates an increased
Ss-electron charge density at the Sn-119 nuclei when
transitioning from a tin environment coordinated by sulfur
atoms (outer electron configuration 3s?3p*) to one
coordinated by heavier chalcogen atoms, selenium (outer
electron configuration 4s24p*).

This increase in electron density may be attributed to
enhanced covalency in the chemical bonds formed within
the hybrid sp? orbitals characteristic of the tetrahedral sites
[26] occupied by tin atoms in argyrodite and canfieldite.
For both compounds, a moderate decrease in isomer shifts
(0) with increasing temperature (Fig. 5) was observed,
indicating a reduction in electron density at the Sn nuclei
and, presumably, its transfer to Ag atoms. This effect is
expected to be accompanied by a decrease in the bond
stiffness of Sn—X (X = S, Se) chemical bonds. The
presence of such electron transfer is supported by data
reported in [25], which showed that in solid solutions
Ag;,Sn;,,Se,, the isomer shifts for Sn-119 nuclei
increase as the number of Ag atoms surrounding the Sn
atom decreases.

T.K
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1.01
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1.430 T T T T
K~
Fig. 5. Temperature dependence of isomer shifts for Sn-
119 in argyrodite AggSnSes (1) and canfieldite AggSnSe

).

Quadrupole splittings observed in the spectra at
T =295 K (Figs. 3 and 4) are attributed to distortions of
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the local symmetry in the nearest environment of Sn
atoms, leading to the appearance of electric field gradients
(EFG) at the tin nuclei. At temperatures above the phase
transitions (T = 356 K for AggSnSeq and T = 445 K for
AggSnSe), the spectral linewidths decrease: from
0.93 mm/s to 0.80 mm/s for argyrodite, and from
0.84 mm/s to 0.65 mm/s for canfieldite. This reduction is
due to the local symmetry in both compounds becoming
cubic, which results in a decrease or disappearance of the
EFG. In the case of canfieldite, the linewidth at T =445 K
coincides with the instrumental linewidth. However, in
argyrodite, inhomogeneity of the local electric fields at the
tin nuclei persists in the y phase.
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Fig. 6. Temperature dependence of the NGR spectral areas
S for argyrodite AggSnSes (1) and canfieldite AggSnSe
(2), normalized to the values at T =295 K.

To investigate the characteristics of the p’'—y phase
transition in argyrodite AggSnSes, NGR measurements
were performed at fixed temperatures ranging from 351 to
363 K. A plot of the temperature dependence of the NGR
spectral area normalized to the spectral area at
T =295 K, S(T)/S(295 K), was constructed (Fig. 6). For
comparison, Fig. 6 shows a similar dependence for the
related compound AggSnS¢. The spectral area is
proportional to the probability of the Mdssbauer effect,
which is given by the formula [27]:

472 (x2)
A2 ’

f=ew|-

where (x?) is the mean square amplitude of the Sn-119
nucleus vibrations along the direction of gamma-ray
emission.

As seen from the graphs
of S(T)/S(295 K)S(T)/S(295K), the probabilities of the
Mossbauer effect on Sn-119 nuclei in both compounds
sharply decrease near the temperatures of their phase
transitions, f'—y and a'"—y.

2.3. Sn atoms in argyrodite AggSnSeg in the phase
transition region and their coordination spheres

Figure 7 shows the “number-distance” histograms of
Se and Ag atoms relative to the Sn atom in the argyrodite
structure before (Fig. 7a) and after (Fig. 7b) the phase
transition. The Se atoms (group 1, Fig. 7a) in the B'-
AggSnSeg structure (before the phase transition) form the
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first coordination sphere with a radius of approximately
2.60 A relative to the Sn atom, while the Ag atoms (group
2, Fig. 7a) form the second coordination sphere with a
radius of approximately 4.06 A (Table 1). The distance of
2.60 A is comparable to the sum of the ionic radii of Sn**
(0.74 A) and Se>” (1.91 A), which totals 2.65 A.

Thus, there is a possibility of overlap between the
outer electron shells of Sn** and Se>” ions and a transfer
of electron charge density from selenium to tin, which
accounts for the isomer shift value of 1.44 mm/s. The
second coordination sphere, consisting of Ag atoms, does
not directly affect the isomer shift of Sn-119 due to its
considerable distance (the ionic radius of Ag* is 1.26 A).

The S*” ions have a radius of 1.74 A, which is smaller
than that of Se®”. Therefore, the overlap of their outer
electron shells with those of Sn** (the sum of the ionic
radii of Sn** and S?” is 2.48 A according to Pauling) [28]
is less effective than in the case of Se?”. As a result, the
isomer shift value for a"-AggSnSg 6 = 1.01 mm/s) is
lower compared to B'-AggSnSeg (6 = 1.44 mm/s).

After the phase transition in argyrodite (T = 393 K),
the Se atoms (group 1, Fig. 7b) form the first coordination
sphere with a radius of 2.48 A, and the Ag atoms (group
2, Fig. 7b) form the second coordination sphere with a
radius of 3.98 A (Table 1). However, this slight decrease
in Sn—Se distances (0.12 A) does not lead to an increase in
the isomer shift, which, as seen in Fig. 5, sharply decreases

2
! - Ag3_ Aed Agl AZ3 Ags
Ses T -~
24 P Agd = 'I‘“Agi
W
2
o Ag2
=
5 Sed /
-;1:: 1 lscg Ag? Ag2 / Agh
0 T T r T
25 3.0 35 4.0 45

2 (@)

during the phase transition. It should be noted that the
same phenomenon is observed for canfieldite during its
phase transition. By modeling, the spatial arrangement of
Se atoms belonging to the first coordination sphere of Sn
atoms and Ag atoms belonging to the second coordination
sphere of Sn atoms was obtained, as shown in Fig. §.
Based on the experimental data (Fig. 5), it can be
concluded that the abrupt decrease in the isomer shift &
during the phase transition in AggSnSes indicates a sharp
reduction in the electron density transferred to the outer s-
shells of Sn from selenium atoms. Simultaneously, a
different decrease in the NGR probability is observed,
corresponding to an increase in the mean square
displacements of Sn atoms (Fig. 6). This correlation can
be explained by the influence of the second coordination
sphere formed by Ag atoms. After the B'—y phase
transition, the number of bonds between selenium and
silver atoms in the second coordination sphere increases
more than threefold, from n2p'=18 to n2y=60 (Table 1,
Fig. 8). Since the distance between the first and second
coordination spheres is 1.5 A (Table 1), which is
significantly less than the sum of the ionic radii of Se*”
(1.91 A) and Ag* (1.26 A), it can be assumed that there is
a partial transfer of electron density from selenium atoms
to silver atoms. Indirect evidence for this is provided by
the results of [29], which show that Ag atoms in argyrodite
AggGeSg possess the unique ability to withdraw electrons
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Fig. 7. “Number-distance” histogram of Se and Ag atoms relative to the Sn atom for the B’ (a) and y (b) phases of
AggSnSeg. 1 — group of Se atoms in the first coordination sphere; 2 — group of Ag atoms in the second coordination
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Fig. 8. Spatial models of the first and second coordination spheres of Sn- atoms in the B’- phase structure at
T =295 K (a) and y- phase at T =393 K (b) of AgsSnSe.
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from the chalcogen S. This leads to a possible weakening
of the Sn—Se bonds, resulting in an increase in the
vibrational amplitude.

Conclusion

Using nuclear gamma resonance, the presence of
phase transitions in argyrodite and canfieldite was
confirmed at temperatures of 356 K and 445 K,
respectively. It is shown that during the B’—y phase
transition in AggSnSes and the a’"—y phase transition in
AggSnSe, an abrupt increase in the root-mean-square
vibrational amplitudes of Sn atoms occurs. It is
hypothesized that an increase in Ag- site occupancy within
the second coordination sphere of y phase argyrodite
influences the energy state of Sn nuclear levels, as
evidenced by an abrupt change in isomer shift during the
phase transition.

Quadrupole splittings and isomer shifts for Sn-119
atoms were measured in the ' phase of AggSnSe, and the
a” phase of AggSnS¢. In the y phase of AggSnSe, a

whereas in the y phase of AggSnSeg, possible electric field
gradients associated with local distortions of the crystal
lattice are present.

Histograms of “number-distance” distributions of Se
and Ag atoms relative to the Sn atom were modeled for
the B’ and y phases of AggSnSe¢. Spatial models of the first
and second coordination spheres of AggSnSe, in the ' and
v modifications were proposed.
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da3oBi nepexoau B AgsSnSes Ta AgsSnSe: MeccOayepiBCbKI Ta PEHTIeHIBChKI
AOCJIIIZKeHHS

I Hayionanvnuii ynisepcumem “Jlvsiscoka nonimexnixa”, kagpeopa izuxu, Jlveie, Ypaina,
serhii.o.yuriev@Ipnu.ua; mykola.v.chekailo@Ipnu.ua
2 JIvgiscviuii nayionanvhuii ynieepcumem imeni leana ®@panka, kageopa neopaaniunoi ximii, Jlveis, Ypaiua,
lev.akselrud@lInu.edu.ua;
3 Incmumym memanoizuxu im. I'.B. Kypoomoea, HAH Ykpainu, Kuis, Yxkpaina, mvvmev@gmail.com;
4 lsano-Dpankiecokutl Hayionanbhuti mexuivnuil yricepcumem nagpmu i 2asy, leano-®Ppankiscok, Yrpaina,
volodymyr.mokliak(@nung.edu.ua

CTpyKTypHI IEpETBOPEHHS, IO CYIPOBOKYIOTH HU3bKOTeMIeparypHuid ¢azoBuii nepexin (PII) B'—y B
apripoauTti AgsSnSes, 0 XapaKTePU3YETHCS 3MIMIAHOIO eIeKTPOHHO-I0HHOIO MPOBIAHICTIO, OyIN DOCTIKeHi 3a
JIOIIOMOTOI0 siiepHOTro raMma-pe3oHancy (SII'P) Ta perrtreniebkoi qudpakuii (P1). [TapanensHi MeccOayepiBebki
JIOCJTiJPKEHHST OYJTH MPOBENICHI Ha CTPYKTYPHO CriopiHeHOMY KaH(inauTi AgsSnSe. Piske 3HMKEHHS HMOBIPHOCTI
ebexTy Meccbayepa Ta i30MEpHHX 3CYBIB CIIOCTEpiranocs B apripoauTi Ta kaupinauti moodamusy 356 K ta 445 K
BiJITIOBI/THO, 110 BiAMOBiIa€ (ha30BUM MepexoiaM y IHX CHOIyKaxX. 3apornoHOBAaHO MPOCTOPOBI MO TEPIIol Ta
Jpyroi KoopAnHAIHHEX chep AgsSnSecy B Ta y-Moaudikamisx.

Kiwuosi caoBa: apripoaut, kKaHQimanT, Ha3oBi mepexonu, CynepioHHI MPOBITHAKH.
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