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A new compound, AgGe,SBr, was found on the intersection of the AgSBr-GeS and Ag,Ge,S—AgBr
polythermal cross-sections of the Ag5—GeS—-AgBr system. The peritectic procesd + GeS « Ag:Ge,SBr
takes place atT = 727K. The crystal structure of AgsGe,SBr was solved and refined using X-ray powder
diffraction data: own structure type, space groupP2,3 —b’a’, Pearson symbotP44,Z = 4,a = 10.16702(7) A,
R, = 0.0395, = 3.19. AgGe,S:Br was also obtained in the glassy state. The chargand mass transfer of the
crystalline and glassy phases was investigated blyetdc probe method between 250 and 495 K. The samples
are purely ionic (Ag", Br") conductors. The influence of lining of the transprt channels by the halogens (Bt

I7) on the conductivity of crystalline (AgGe,SsBr + 10 wt.% GeS) and glassy (AgGe,SsBr) samples was

studied. Electronic structure calculations (FP-LAPWmethod) support the experimental results.

Ag—-Ge-S-Br / Phase formation / Crystal structure Electrical conductivity / Superionics / DFT calculdions

1. Introduction

The formation of two quaternary compounds,
AgsGeSBr, (1) [1,2] and AgGeSBr (II) [3], has
been established in the Ag—Ge—-S—Br system. Their
compositions lie in the AG-GeS-AgBr plane of the
Gibbs concentration tetrahedron. The positions of
compounds in this plane are determined by the point
of intersection of two-phase equilibria lines. Hor
these lines are AGeS—-AgBr and AgGeS-GeS,

and forll Ag:SBr-Ge$ and AgGeS—AgBr. | forms
from the melt atT = 676 K following the peritectic
reactionL + AgsGeS —» AgsGeSBr,, while forll the
process L + Ag,.GeS —» AgsGeSBr takes place at

T =718 K. A condition for the synthesis of quateyna
compounds in closed containers is that the vapor
pressure > 10° Pa. With the decline of the gas-phase
pressure, decomposition is observed, in spite of
condensation of the constituents on the container
walls. The sample containing was quenched from
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T=670K as a single phadé.has not been obtained
as a crystalline single phase, but a melt contgitlin
was quenched as a transparent glass of red color.
Charge and mass transfer in the crystalline phasel
the glassy phask is provided by silver cations and
halogen anions. The parameters of conductigignd
AE allow assigning both and Il to the class of
superionic materials. The formation of the,&gSBr
compound[4,5] was not confirmed irf2]. The T—x
space of the Agp—GeS-AgBr plane in the AgseS—
GeS—AgBr region remains unexplored. The “relay
mechanism movement” of drift motion of Agvith
the assistance of lin a glass of the AGeS—Agl
system is described if6]. The dynamics of [i
movement in halide-substituted superionic argyesdit
was investigated ifv].

The aim of this work was to study the equilibrium
crystalline and glassy states of samples formed nea
the point of intersection of the A@e:Ss—AgBr and
AgsSBr-Ge$ lines, to solve and refine the crystal

139



M. Moroz et al, Ag:Ge,SsBr: Synthesis, structure and ionic conductivity

structure of the new phase &pSBr (lll ), and to
determine the parameters and mechanism of eldctrica
conductivity of the samples.

2. Experimental

2.1. Sample preparation and characterization

TheT—x space of the Ag—GeS-AgBr plane near the
point of intersection of the AGeS—AgBr and
AgsSBr-Ge$ lines was studied using differential
thermal analysis (DTA), microstructure analysis
(MSA), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), and X-ray
powder diffraction (XRPD).

Samples for the investigation were prepared from
thoroughly mixed powders of AGeS, AgBr,
AgsSBr, and Geg of semiconductor grade. An
additional 10wt.% GeS was added to the
stoichiometric amount for the crystalline samples,
avoid dissociation of AgeSBr. The solid-state
phase synthesis was carried out 7t 710 K for
50-80 h with 3-5 intermediate grindings, in quartz

parameters. An absorption correction was considered
by measuring the absorption factor for a sample
transmission foil according t@] and applied during
the Rietveld refinement, according to the type
“Transmission geometry (STOEJ12]. Quantitative
phase analysis was performed during the Rietveld
refinement according td14]. The crystallographic
data were standardized with the program
STRUCTURE TIDY [15], and the program
DIAMOND [16] was used for structural visualization.

2.2. Conductivity measurements

The electrical conductivity of glassy and crystadli
samples was measured in the temperature range
250-495 K £2 K) by thedc probe method in argon at
a pressure of ~f@Pa. Three types of electrochemical
cell (ECC) were used in the measurements:
Ag|sample|Ag &), Ag|sample|AgSBr|Ag ), and
Ag|sample|AgSI|Ag () with Ag|(Ag+AgSBr)|sample
probes, where (Ag+A&®Br) means a mechanical
mixture of finely dispersed silver with silver sidé-
bromide. Such a mixture provides ohmic contact with
the sample. The intermediate #&@Br and AgSI

ampoules evacuated down to a residual pressure of layers, pressed into the ECB) @nd €), are expected

~1 Pa. The samples were cooled dowii to300 K at
the rate of ~15 K/min. After grinding to a partidze

of 2-5um, the material, of dark red color, was used
for DTA, XRPD andog(7) measurements.

DTA measurements were performed on a
VDTA-1069 device; the weight of the samples was
0.5-1 g, the heating (cooling) rate 6-8 K/min, ahd
temperature range 295-930 K. The temperatures were
determined with an accuracy better than +5 K. Glass
samples were obtained by quenching melts of a total
weight of ~5 g fromZ'= 1150 K into ice-water. The
density of the glass was determined by hydrostatic
weighing. The temperatures of crystallization and
glass formation were determined from DTA curves.

MSA was performed by visual observation based
on the differences in color of the phases in arncapt
microscope PMT-3. The composition of the samples
was examined by SEM using a RB&A-102-02
scanning electron microscope. EDX was carried out
exactly on the grains of the quaternary phase sirygu
an energy-dispersive X-ray analyzer with the pure
elements as standards for Ag and Ge, ZnS for S, and
KBr for Br (the acceleration voltage was 20 kK
andL-lines were used).

XRPD data were collected in the transmission
mode on a STOE STADI P diffractometer at
T=297.0(1) K. Preliminary data processing and
X-ray phase analysis were performed using the STOE
WinXPOW [8] and PowderCell [9] program
packages. The crystal structure of the new compound
Ag:GeSBr was solved by direct methods, using
WinCSD-2010[10], and was refined by the Rietveld
method [11] with the program FullProf.2k (version
5.20) [12] from the WInPLOTR packaggl13],
applying a pseudo-Voigt profile function and isgii@
approximation for the atomic displacement
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to re-inject halogen anions into the sample anaklo
the electronic component of the conductiVity',18].

The cells had the form of Teflon bars measuring
10x10x45 mm, with a hole of 2 mm diameter along
their length. The powdered components of the cells
were pressed into the hole to a density of
p =(0.930.02po, where py is the crystallographic
density of the compound or cast glassy sample. The
lateral side of the cells had three 0.8 mm-diameter
holes in its central part at 5 and 10 mm from each
other. These holes were filled with the probe etsis
material under mechanical pressure. The resistahce
the probe contacts was determined by extrapolating
the resistance between the probes to zero probe
separation. The length of the samples in the ECE wa
33-35 mm, the thickness of the &Br and AgSlI
layers was ~3 mm, and the height of the probe
contacts was ~2 mm. The silver layer in the current
electrodes was ~1 mm thick. The cells were condecte
in series to the electrical circuit. The electradethe

left hand-side in the circuit scheme had the highes
potential. The current through the circuit was®® A,

and the input resistance of the voltmeter was'>®0
The conductivitys of the samples was calculated
using Ohm’s law for the non-uniform portion of the
circuit.

2.3. Electronic structure calculations

We used an all-electron full-potential linearized
augmented-plane wave (FP-LAPW) method, which
performs DFT calculations using the Generalized
Gradient Approximation with wave functions as a
basis [19]. The Kohn-Sham equation and energy
functional were evaluated consistently using the
FP-LAPW method. For this method, the space is
divided into interstitial and non-overlapping muffin
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spheres centered on the atomic sites. The basis
function inside each atomic sphere is a linear
expansion of the radial solution of a spherically
potential multiplied by spherical harmonics. In the
interstitial region, the wave function is taken a&s
expansion of plane waves and no shape approximation
for the potential is introduced in this region. Tdere
electrons are described by atomic wave functions,
which are solved relativistically using the current
spherical part; the valence electrons were alsatecde
relativistically in our case. The FP-LAPW calcuteits
were performed with the crystallographic parameters
obtained from XRPD.

3. Results and discussion

3.1. Peculiarities of the formation of £&8e,S;Br (111)

In general, quaternary compounds form if intermidia
compounds exist in the quasi-binary systems that
delimit the quasi-ternary concentration space.
Physical-chemical criteria for the formation ofrtary

and multicomponent tetrahedral phases have been
formulated in[20,21] The composition Ag6,SsBr is
determined by the point of intersection of the
Ag.GeSs—AgBr and AgSBr-Ges$ lines of the AgS—
GeS—AgBr concentration plane. It has been
established that AGe,Ss cannot be obtained by solid-
state synthesis from a vacuum-processed equimolar
mixture of AgGeS and Ge$ [22]. Ag,GeSs is a
thermally unstable atomic association and formgy onl
at p>> 10 Pa[23]. In the p-T—x space for AgS—
GeS—AgBr, AgsGe:SBr forms atT = 727 K through

a peritectic reaction of melt with GgSSufficient
pressure of the gas phase above the melt is asayes
condition for the peritectic process. Single-phase
AgsGeSBr could not be obtained by vacuum
ampoule solid-state synthesis from.8gS +GeS +
AgBr or AgSBr + 2Ge$ mixtures atT = 710 K for

12 h. Together with the AGeSBr phase, a
structurally-disordered and X-ray amorphous malteria

of greenish-grey color (~30 vol.%) was detected by
XRPD and MSA. Regrinding and increasing the
synthesis time up to 160 h did not promote the
crystallization process, in spite of the low pressof
the gas phase above the sample. Molecular, @S
characterized by a significant pressure even at
relatively low temperatures. Adding an excess abGe
(=10 wt.%) to the stoichiometric amounts of the
starting components significantly reduced the time
required to reach the equilibrium state, which tthodk
form of a two-phase mixture of the quaternary phase
and Geg With decreasing temperatur@ € 650 K),
and hence reduced gas-phase pressure in the closed
container, the mixture slowly decomposed. However,
guenched crystalline AGeSBr + 10wt.% Ged
(Il -GeS) and glassy Agse,SsBr (111 (g)) were found
to be stable during repeated thermal cycling
(250-500 K) in an inert argon atmosphegre(10° Pa).
Fig.1a shows a typical crystalline specimen of
Ag:GeSBr. Due to the difficulty of the synthesis,
pure single-phase samples were not obtained. SEM
and XRPD patterns showed small amounts of
dielectric Ge$ between the grains of the quaternary
phase. The primary particles of £pSBr displayed
a size in the range of 2¢Bn and cubic shape
(Fig. 1b). The EDX analysis performed on the grains
of the quaternary phaseFi¢.1c) showed the
following composition (in at.%, with an accuracy of
4 %, measured/calculated) Ag: 24.4/27.27,
Ge: 19.6/18.18, S: 44.2/45.46, Br: 11.8/9.09.

3.2. Crystal structure dfl|

Once the crystal structure was solved and an
appropriate structural model for the quaternary
compound had been found, a structural refinement
was made using XRPD data for the 6gSBr
sample containing also monoclinic GgSpace group
Pc) [24], stable at ambient conditions. X-ray
experimental and crystallographic data for
Ag:GeSBr are summarized imablel, while the
final atomic and displacement parameters are listed

Ag

Ge
)

B

Fig. 1 SEM pictures of the crystalline A@e,SBr samplelll -GeS: (a) general viewx500) showing the
inclusion of the impurity phase Gg8s fine grains of grey color; (b) detailed viex2%00) of AgGe,SsBr
particles displaying cubic shape; (c) part of tlXEspectrum showing Gk, BrL, SK and AgL-lines.
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Table2. A comparison of the experimental and
calculated powder patterns is presentedFig. 2.
Interatomic distances and atomic environments are
given in Table3. The shortest interatomic distance in
the structure is Ge2-S3 (2.079(4) A), howeverait ¢
be in agreement with data given [B5] (“smallest
5 %" for G&*-Sis 2.084 A). The presence of strong
bonding in this case is indirectly confirmed by the
value of the displacement parameter for S3.

The total electron balance for &ge.SBr is in
good agreement with the formal charges of the ions:
(Ag (G (S)s(Brh),. Calculating the parameters

proposed by Parthé to test for the possible foonati
of tetrahedral structure$21,26] i.e. the valence-
electron concentration per atom (VEC) and the
valence-electron concentration per anion (W\EGhe
following values are obtained: VEC =4.364,
VEC,=8. The latter number indicates that
AgsGeSBr is a normal valence (ionic-covalent)
compound and the former that it may adopt a defect
tetrahedral structure withlygo = 0.364 (4/11) (where
Nngo is the average number of non-bonding orbitals or
lone-electron pairs per atom). This assumption was
confirmed by the structural refinement and the talys

Table 1 Experimental details and crystallographic dataXgsGe,SsBr.

Formula / name

Space group — Wyckoff sequence / Pearson symbol
Mass per formula unitZ

Lattice parametea (A)

Cell volumeV (A3

F(000) (electrons)

Calculated densit, (g/cnT)

Absorption coefficieny/ (CuKa) (mm?)

Specimen shape / particle morphology / color

Data collection temperatuiie(K)
Diffractometer

Radiation, wavelength (A)

Angular range for data collection / incrementdf2
Linear PSD step (@ / time (sec/step)
Number of measured reflections
Number of refined parameters

Half width parameterg,, U, V, W
Asymmetry parameters Asl, As2
Reliability factors:

Rl = leobs_I calcl /zllobJ

RF = Z":obs_Fcalcl lleobJ

Ro = Zlyi —Ye.l 1 Zy;

Rup = [ZWi Iy — Yol / Zwi yi7] M2

Rexp = [n_p/ ZWi ylz] vz

X° = {Rup/Rext*

Content of AgGe,SBr / GeS (wt.%)

Ag:GeSBr / trisilver digermanium pentasulfide
bromide
P2,3 (No. 198) -b%a’ / cP44
709.00/ 4
10.16702(7)
1050.946(13)
1280
4.481
63.81
Flat sheet (8x8x0.1 mm) / loose powder,
grain size < 0.005 mm / dark red
297.0(2)
STOE STADI P (transmission mode)
CuKay, 1.540598
6.000< 26< 124.410/0.015
0.480/675
341
27
0.369(4), 0.0192(9), —0.0081(8), 0.0105(2)
0.075(2), 0.0172(6)

0.0395
0.0433
0.0418
0.0561
0.0314
3.19

89.4(3) / 10.6(1)

Table 2 Fractional atomic coordinates and isotropic dispiaent parameters for AQe,SsBr.

Site Wyckoff X y z Biso (A%
position

Ag 12 0.18030(13) 0.53414(13) 0.33866(12 4.89(4)

Gel ;) 0.14805(14) 0.14805(14) 0.14805(14 0.85(6)

Ge2 ;) 0.61055(18) 0.61055(18) 0.61055(18 1.31(7)
S1 1d 0.1092(4) 0.3617(4) 0.1303(4) 1.64(6)
S2 i) 0.0119(5) 0.0119(5) 0.0119(5) 2.77(17)
S3 i) 0.7286(3) 0.7286(3) 0.7286(3) 0.42(15)
Br 4a 0.38258(19) 0.38258(19) 0.38258(19 2.24(7)
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Fig. 2 Observed and calculated X-ray powder profiles tfog crystalline AgGe.SBr samplelll -GeS.
Experimental data (circles) and calculated prdfielid line through the circles) are presented tiogiewith

the calculated Bragg positions (vertical ticks) adifference curve (bottom solid line). Top ticks:
Ag:GeSBr (89.4(3) wt.%); bottom ticks: Gg$10.6(1) wt.%).

Table 3 Interatomic distancesd), coordination numbers (CN) and coordination peiyta for AgGeSBr
with crystal chemical formulq% AgGe s g g e

Bond I(A) CN Coordination polyhedron
Ag - S2 2.486(5) 4 tetrahedron [4t]
-S3 2.555(3) Ag[S;3Br]
—Br 2.608(2)
-S1 2.843(4)
Gel-3S1 2.215(4) 4 tetrahedron [4t]
-S2 2.398(5) GellS)]
Ge2 -S3 2.079(4) 4 tetrahedron [4t]
—3S1 2.261(4) GeZS)]
S1-Gel 2.215(4) 3 non-coplanar triangle [3n]
- Ge2 2.261(4) (y-tetrahedron [3n])
- Ag 2.843(4) SYGeA(d]
S2-Gel 2.398(5) 4 triangular pyramid [4y]
- 3Ag 2.486(5) (distorted tetrahedron [4t])
SAGeAg)]
S3-Ge2 2.079(4) 4 tetrahedron [4t]
—3Ag 2.555(3) S3CGeAg)]
Br — 3Ag 2.608(2) 3 non-coplanar triangle [3n]
(y-tetrahedron [3n])
Br[Ags]

chemical formula can be written as (non-coplanar triangles), four lone-electron pains

3 AgIGeHIS RIgHIg*IB 3 (seeTable3), where total can be assigned to these anions. Slighthpdéesd
© - _ ' Ge[S] and Ag[SBr] tetrahedra share all corners to
the bars under S and Br indicate lone-electronspair  form a 3D-frameworkFig. 3a).

Since S1 and Br have defect tetrahedral coordinmatio
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The anionic framework of the structure consists of
four empty distorted tetrahedrdS1;Br], four single
S2 and four single S3 anions in the unit cell
Expanding the unit cell range to
0.012<g,Yy,2 < 1.012, makes it easier to see the
approximate fcc stacking of the S2 anions. The
anionic framework shown ifrig. 3b is similar to the
arrangement of the atoms in the cubic Laves phase
MgCw,, which is also true for the structure of
argyrodite [27,28] The general formula of the
argyrodite family  A™)aznymB" (X )ey(Z)y
(where A = Ag", CU', etc; B = Gé&*, P, etc;

X = chalcogen;Z = halogen) does not include the
composition AgGeSBr. But considering the
constituent elements and some common crystal-
chemical features (space group, cell parameter,
tetrahedrally close-packed anionic framework), this
compound may be referred to asjaasiargyrodite.
While for Ag;GeSBr, (and for AgGeSCl,), it was
stated that “... new phases with the wanted
composition but not with the expected crystal
structure were formed surprisingly [1], for
Ag:GeSsBr one may talk about “a new phase with
unwanted composition, but with the expected
(argyrodite-like) crystal structure”.

In the structure of Ag5e,.SBr, the S and Br
anions form a distorted MgGilike substructure,
providing 136 tetrahedral cation holes per unit, @9
of which are fully occupied by 8 Ge and 12 Ag
cations. Thus, 116 tetrahedral sites remain

Ge2[S4]

v

Ge|

unoccupied. According to the classical model fa th
high ionic conductivity of argyroditef$,28-30] these
unoccupied tetrahedral sites serve as pathwaythéor
jumping migration process of the Gwor Ag'-cations.
High displacement parameters and partial
occupancies are observed for'Gund Ad), i.e. order-
disorder phenomena in the substructure of the
A-cations facilitate this process.

site

3.3. Electronic structure di|

Electronic structure calculations showed that the
compound is characterized by an energy gap
(AE = 1.520 eV) between the valence and conduction
bands and should consequently exhibit
semiconducting properties. The Fermi level)(is
situated at the edge of the valence band. Therefect
density distribution Kig.4) shows that the bonds
between the Ge and S atoms are very strong, pethriz
(the electron density is shifted to the S atomgnkr
the density of electronic states DOSq(. 5) it is clear
that thes- and p- states of Ge are hybridized and
mainly overlap withp-states of S atoms. Thiestates

of the Ag atoms are fully occupied and hence play a
non-bonding role, while the valenseshell with one
electron mainly overlaps withp- and less with
svalence shells of the S2 and S3 sulfur atoms. The
electron density between sulfur and silver atoms is
lower than in the between sulfur and germanium. The
bromine atoms show fully occupied and p-states
and appear to be weakly bonded to the Ag atoms.

Fig. 3 Crystal structure of A@5e,SBr: (a) 3D-packing of Ge[$ and Ag[SBr] all-corner-linked tetrahedra
(the atoms are not shown for clarity); (b) compamiof the anionic framework in AGeSsBr with the
structure of MgCu(space groupd-3m), which is similar to the anionic framework in grgdites.
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Fig. 4 Isosurfacef = 0.4 e/&) of the electron density in one unit cell of &ESsBr.

3.4. Electrical conductivity of the crystalline and
glassy samples

The temperature dependence of the conductivity of
crystallinelll -GeS and glassyll (g) was studied in
ECC @—(c). In Ill -GeS, Ge$S serves as dielectric
filler. It was found that the same sample at thmesa
temperature showed different values of conductivity
(o) in the three ECC Hig.6). Each of the six
presented curves contains two straight-line postion
Below 380-400K o(T) is well described by
Arrhenius’ law for the case of one type of capture
center of charge carriers. At temperatures excgedin
400-420 K the straight-line portions of the curiues
semi-logarithmic coordinates are described by
Arrhenius’ equation with a positive exponent. The
reasons for the different values @bbtained in ECCs
of different design are partially analyzed[ih3,18]
Probe measurements of the distribution of the
polarization emf (electromotive force) along the
length of pressed crystaline (£&8nSBr,,
AgsGeSBr,, AgsSBr, AgSI) and glassy (Ag>eSBr)
samples showed heterogeneous distribution of the
charge. The excess negative charge concentra@s in
narrow field of the sample, near the electrodeg {5-

of the total length of the sample). In the cenpaatt of
the sample (more than 65 % of the total length),
excess positive charge with a maximum near the
middle is formed. The described distribution of the
polarization emf along the length of the sample
remains infinitely long. This proves that an elenic
component of conductivity is absent in these

can be satisfactorily modeled by assimilating the
halogen anions to a quasi-liquid in motion. The
halogen anions of the pressed material shift tosvard
the electrodes, attracted by the electrostaticeforaf
the double charge layer formed at the Ag|sample
border. The “formula” silver does not display the
characteristics of a quasi-liquid in motion, butais
active constituent of the structural units of the
crystalline and glassy phases. Electrical and mass
transfer is provided by the AgBr~, | -ions injected
into the structure of the samples. The electrodesas

a source of drift A§ cations. The appearance of drift
halogen anions is associated with electrolysishim t
region of the sample with the lowest potential. The
o-values were determined from the concentration of
injected charge carriers, and from the value ofrthe
drift velocity through the transport migration
channels. The transport migration channels of sasnpl
with defect structure e(g. unoccupied/occupied
tetrahedral sites in the crystal structure, latitains,
and crystallographic defects), hosting counteranitrr
flows of drifting ions of both signs, should be
considered as quantum systems. The interactiolneof t
components of such systems determines the value of
the drift velocity of the charge carriers. The agl
mechanism movement” for the drift of Agvith the
assistance of 1in (Agl)«(Ag,S-Ge9); glasses was
established by’’Ag NMR [6]. It is probable that such

a ‘relay mechanism movement” of charge carriers is
takes place in all superionic silver- and halogen-
containing solids. The “relay mechanism movement”

materials. The charge heterogeneity of the samples of charge carriers is characterized by two factbed
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Fig. 5 Distribution of the total and partial
density of states for AGeSBr.
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differently affect the velocity of Ag+. The drift@tion

of Br— and | — is accompanied by the capture of pa
of the anions by structural defects in the transpor
migration channels (lining the channels). The pasit
charge in the central part of the sample facilgtates
process of lining. Augmentation of the linear dgnsi
of halogens increases the probability of “jumpirgg”
Ag+ from one halogen to another along the direction
of the electric field. The result of this processain
increase of the drift velocity of Ag+, and hencetlud
conductivity of the sample. On the other hand, for
some time during the drift motion the charge casrie
are in a bound state. The growth of the linear itens
of bound halogens along the transport channels
increases the time of passage per unit path lemgth
the drift Ag+. This factor decreases the drift ity

of the silver ions.

The charge heterogeneity along the sample length
in the ECC was characterized both for crystalline
Il -GeS and glassylll (g). The curves onFig.6
display purely ionic charge transfer involving Ag
Br~, and I'. The fitting of the conductivity to linear
dependence in Arrhenius’ coordinates below
T=420K is an indication of a decisive contributio
of the drift Ag" to o. The drift Br- and I, captured by
defects in the transport channels, manifest therasel
as active participants of the ‘“relay mechanism
movement” of the silver cations. The differencedn
between the ECCs is due to the different lineasitgn
and type of halogen bound to the structure of the
transport channels. The electrolysis ratellbfGeS
andlll (g) (ECC @)) and of the ternary AS$Br phase
(ECC () and €)) is a factor that limits the linear
density of the halogens in the transport channels.
Deviation in the temperature dependencegofrom
Arrhenius’ law is observed &t> 380-400 K. At these
temperatures, the energy of the thermal vibratioins
the atoms is sufficient to break bonds of the knin
halogens with the capture centers. The straighkt-lin
portions of the curves in the range of 400-495 K
represent an exponential decrease of the number of
halogens bound to the structure of the transport
channels. The result is a decrease of the veladity
drift Ag* by the same law. The difference between the
absolute values af for Il -GeS andlll (g) is mainly
due to different concentrations of injected silver
cations. The reason is in the discrepancy betwieen t
total effective cross-section of the transport cleds
for the crystalline and glassy phases. The signific
increase of the specific conductivity of lined glas
Il (g) (ECC p) and €)), in comparison with non-
lined Il (g) (ECC @)) opens new directions for
monitoring the physical properties of solids. The
parameters of conductivity and activation energy
(Table4) allow assigninglll -GeS and Il (g) to the
class of superionic materials. The experimentalesl

of density, temperatures of glass-formation and
crystallization of glassy AgGeSBr are
p=4.8210°kg/n?, T,=503K, and T.=560K,

respectively.

Chem. Met. Alloyg (2014)
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Fig. 6 Arrhenius plots of the conductivity of crystallinkg;GeSsBr + 10 wt.% Ge§ (top) and glassy
AgsGeSsBr (bottom):1, 2, 3—in ECC @), (b) and €), respectively.

4. Conclusions

The existence of a new quaternary compound,
Ag:GeSBr, has been established in theT—x space

of the quasi-ternary A§-GeS-AgBr system. The
crystal structure of AgeSBr (space group
P2,3 —b%a®, Pearson symbol cP44, Z=4,
a=10.16702(7) AR = 0.0395,¥* = 3.19) belongs to

Chem. Met. Alloyg (2014)

the class of defect tetrahedral structures andatsm
be referred to as quastargyrodite. AgGe,SBr was
also obtained in the glassy state by quenchingsmelt
The halogen anions in the structure of both the
crystalline and glassy samples of 8@SsBr display
the properties of a quasi-liquid in motion, whileet
silver cations do not show such properties. DFT
calculations using the FP-LAPW method support the
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experimental results, showing semiconducting

properties and strong bonding between the Ge and S

atoms. The halogen anions and silver cations iefect
into the structure provide electrical conductivifyhe
transfer of drift charge carriers occwi& a “relay

mechanism movement”. The heterogeneous charge

distribution along the sample length was charaxtelri

for Ag:GeSBr samples with Ag-electrodes. The
excess positive charge of the central part of the
samples facilitates the capture of drift B 1~ anions

by structural defects in the transport migration
channels (lining of the channels). The bound haloge
anions are active participants of the relay medcmani

of the Ad drift motion. The linear density of halogens
along the length of the transport channels detezmin
the value of the drift velocity of Ag Crystalline and
glassy samples in ECCs of the same design differ by
the magnitude of the total effective cross-sectdn
the transport channels, which determines
concentration of drift charge carriers injectedittie
samples. The samples were found to be purely ionic
conductors in the temperature range 250-495 K. At
T =300 K the conductivity was = 5.0810° (Qh)™

and o= 1.74107% (Qm)™ for crystalline and glassy
Ag:GeSsBr, respectively.

the
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