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The T—x-diagram of the AgGeS—[(AgBr) ,-Ge$S] polythermal cross-section has been constructed e range
25-100 mol.%AgGeS. The conditions for solid-state synthesis of the g§GeSBr, quaternary phase have
been established. The crystal structure of AgeSBr, (Pnma—d®c’a, 0P96-44.24,Z = 4, a= 6.53892(5),
b= 7.72656(5),c = 22.90338(17) A; X-ray powder diffraction, 820 rflections measured, 58 parameters
refined, R, = 0.0383,R, = 0.0408 R, = 0.0528,° = 1.76) is a disordered variant of the structure dtermined
previously on single crystal data. The electrical anductivity of AgeGeSBr, has been measured by thec
probe method between 250 and 410 K. A model for theuperionic electrical conduction mechanism is

proposed.

Ag-Ge-S-Br / Phase diagram / Crystal structure / Elctrical conductivity / Superionics

Introduction

The formation of two quaternary phases,;@gSBr
and AgGeSBr,, has been established in the
Ag—-Ge-S-Br system. The compound/&gSBr was
synthesized by reacting powder mixtures of,3\g
GeS and AgBr in vacuum at 978 [1]. The
compound belongs to the family of the mineral
argyrodite, space group-43m, a= 10.656(4) A,
Z = 4. Information about temperature and composition
ranges is limited. The parameters of the condugtivi
allow assigning AgseSBr to the class of superionic
materialg2,3].

Wageneret al. [4,5] reported the synthesis by the
hydrothermal method and crystal structure (single-
crystal data) of the AeSBr, compound (space
group Pnmg a= 6.540(1), b= 7.727(2),
c=22.899(5) AZ= 4). The compound is assumed to
be metastable at ambient conditions and its thermal
decomposition in vacuum occurs &t 530 K. It was
supposed that AGeSBr, “...could be obtained up to
now by hydrothermal synthesis only and not by
conventional solid state reaction$.[5]. Preliminary
measurements of the ionic conductivity using
impedance spectroscopy have been mgfe The
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compositions AgGeSBr and AgGeSBr, lie within
the AgGeS—[(AgBr),-GeS3] cross-section of the
guasi-ternary AgS—GeS-AgBr system.

The aim of this work was to study tfiex phase
diagram of the AgGeS—[(AgBr),-GeS) cross-section
near the regions of formation of quaternary phases,
synthesize AgseSBr; by solid-state synthesis, and to
determine its crystal structure and electrical bulk
properties.

Experimental

The T-x phase diagram of the #AGeS—
[(AgBr),-GeS] cross-section was studied using
differential thermal analysis (DTA), X-ray powder
diffraction (XRPD), and microstructural analysis
(MSA). DTA samples were prepared by melting
semiconductor grade elemental mixtures in quartz
ampoules evacuated to a residual pressurePaf. The
weight of each sample was @5 The temperatures
were determined with accuracy better than +5 K.

A stoichiometric alloy AgGeSBr, was obtained
by a two-temperature synthesis from appropriate
amounts of thoroughly mixed A8Br and Geg or
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AgsSBr, ApGeS and AgBr powders. Two equal parts
of the mixture were placed in the opposite endarof
evacuated ampoule. The synthesis of the alloy was
performed in a furnace with a temperature gradiént
~50 K. The temperature of the “hot” zone
corresponded to the temperature of peritectic
formation of the compound. The alloy was cooled
down to room temperature at the rate of ~12-15 K/mi
after annealing for 2-B. The vapor phase condensed
in the “cold” zone of the ampoule in the form of a
mixture with an undetermined ratio of elemental
sulfur, bromine and germanium halogenides. This par
of the ampoule with material and condensate was
sealed off without depressurization. The next step
the synthesis was performed over 14hlGat a
temperature ~10 K below the temperature of peittect
decomposition of the compound. The equilibrium
state of the alloy was achieved under controlled
pressure of the gas phase under “dew point”
conditions. This method ensured the preservation of
the stoichiometric composition AGeSBr..

XRPD data were collected in the transmission
mode on a STOE STAIR diffractometer[6]. A
calibration procedure was performed utilizing NIST
SRM 640b (Si)[7] and NIST SRM 676 (AD;) [8]
standards. The crystal structure was solabdnitio,
by direct methods, using WinCSD-2019], and was
refined by the Rietveld methddO] with the program
FullProf.2k (version 4.60)11] from the WinPLOTR
package [12], applying a pseudo-Voigt profile
function and isotropic approximation for the atomic
displacement parameters. The crystallographic data
were standardized with the program STRUCTURE
TIDY [13]. The program DIAMOND[14] was used
for structural visualization. More detailed infortios
is given in the supplementary Crystallographic
Information File (CIF) (including experimental
intensities and structure factors).

The electrical conductivity of AgeSBr, in the

separation. The conductivity measurements were
preceded by two heating-cooling cycles in the dells
the temperature range 300-380 K over a periodhof 5
This procedure was intended to eliminate pressing-
induced plastic strain. To check the pressing m®ce
and assess the effect of electrical and mass wansp
on the homogeneity of the materials, we used a
slightly modified cell 1V, similar in configuration
to cell I. Its lateral side had a set of
Ag|(Ag+Ag:SBr)|alloy probes throughout the sample
length, with a probe separation of 2-4 mm. The fleng
of the alloys in cells I-IV was ~33-35 mm, the
thickness of the A¢eBr and AgSI layers ~3 mm, and
the height of the probe contacts ~2 mm. The silver
layer in the electrodes was ~1 mm thick. The cells
were connected to the electrical circuit in serigse
left-hand electrode had the highest potential. The
current through the circuit was1®® A, and the input
resistance of the voltmeter was abov&’ 1D

The conductivitys of the alloys was calculated
using Ohm’s law for a non-uniform portion of the
circuit. The calculations were based on the
experimental values of the current in the circuit,
potential difference, the magnitude and sign of the
electromotive force (emf) of polarization betweée t
cell probes as a function of temperature. For geih
of probes in cellsI{III), the [(p1—¢,) + ¢1.7] / |1, ratios
(wheregi—p,, €1, andl,., are the potential difference,
the polarization emf, and the distance between two
arbitrarily chosen probes, respectively) at a given
temperature differ by no more than 2-3%. The
discrepancy is concerned with the fluctuation pssce
of electrical and mass transport in the alloy.

Results and discussion

The T-x space of the AgeS—[(AgBr),-GeS] cross-
section of the Ag—-GeS-AgBr system was

temperature range 250-410 K was measured by the dc investigated in the composition range 25-100 mol.%
probe method in an argon atmosphere at a preséure o AgsGeS. Based on the obtained results the phase
~1C° Pa. For the measurements we used three types of diagram was constructedFig. 1) Two isotherms

electrochemical cell (ECC): AglalloylAg (1),
Aglalloy|AgSBr|Ag (1) and Aglalloy|AgSI|Ag (lII)
with Ag|(Ag+AgsSBr)|alloy probes, where
(Ag+AgsSBr) means a well-powdered mechanical
mixture of fine-dispersed silver with silver sulid
bromide. Such a mechanical mixture provides ohmic
contact with the alloy. The cells had the form of
Teflon bars measuring ¥Q0x45 mm, with a 2Znm-
diameter hole along their length. The constituent
components of the cells were pressed into the thade
density p= (0.930.02p, where p, is the
crystallographic density of the alloy. The latesade

of the cells had three 0.8 mm-diameter holes in its
central part, distant by 5 ad® mm from each other.
These holes were filled under pressure with thég@ro
electrode material. The resistance of the probe
contacts was determined by extrapolating the
resistance between the probes to zero probe
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intersect the section at 676 and 398 K. The isather
at 676 K corresponds to the formation of a
quaternary compound through the peritectic reaction
L + HTM-AggGeS — AgsGeSBr, (HTM stands for
high-temperature modification; a bar above a
compound formula implies a solid solution based on
it). The exact composition of this quaternary
compound was determined by the Tammann method.
A condition for the formation of Ag>eSBr, from the
melt is that the vapor pressupe= 10° Pa. The
compound decomposes below 450K. This
decomposition is due to the decline of the gasghas
pressure, in spite of condensation of its constiisien

the container walls. Across the investigated sactio
there is a wide solid solution range HTRg;GeS;
based on the high-temperature modification of the
AgsGeS-phase. The solid solution extends to
~33 mol % AgGeSBr, at 676 K. The region of

Chem. Met. Alloy8 (2010)
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HTM- AgsGeS§ becomes narrower with decreasing
temperature. The eutectoid decomposition of thig sol
solution occurs at the point with the coordinates
~88 mol.% AgGeS;, 7= 398 K (second isotherm in
the T—x-diagram). For alloys with composition
< 40 mol.% AgGeS;, reliable data were obtained only
for the liquidus line. The slow decomposition of
AgsGeSBr, and kinetic difficulties connected with
the formation of a new set of equilibrium phases at
lower temperatures did not allow us to construet th
equilibrium phase diagram for this region @fx-
space. According to our investigations, a compound
with composition AgGeSBr does not form. MSA,
DTA and XRPD confirmed the line system of the
phase boundary equilibria presentedrig. 1.

For the high-temperature modification of
argyrodite AgGe$S, a cubic crystal structure of type
AgsGeTe (space grouf-43m, a=10.7 A,Z = 4) has
been reportedl5]. Our XRPD patternsHg. 2) show
that the crystal structure of HTMggGe§ at
compositions close to 0.448eS—0.6'Ag,GeSBr’
can be described in a satisfactory way by the gibyti
disordered model proposed for A&eSeliy
(x=10.31)[16].

T,K
1228

1100

700 670

496
400

75 50

25
Ag,GeS, (AgBr), GeS,

Fig. 1 AgsGeS—[(AgBr,GeS] polythermal
cross-section in the composition
range 25-100 mol.% A@geS: 1- L,

2 - L+ HTM-AggGe§,, 3 - HTM-AggGe§,,
4— L + HTM-AggGe§ — AgsGeSBry,
5—- L + AgGeSBr,, 6 — HTM-AgsGe§ +
AgsGeSBr,, 7- AgGeSBr,, 8- HTM+
LTM- AgsGeS;, 9- LTM-AgsGeS,
10 - HTM+LTM-AgsGe§ + AgsGeSBr,,
11 - LTM-AggGeS + AgsGeSBr,. (HTM
and LTM are the high-temperature and low-
temperature modification, respectively; a bar
above a compound formula implies a solid
solution based on it).
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Crystal data for AgruSeSsseBrosssa
F-43m—h’e’dc, cF136-76.38, Z= 4,
a= 10.64754(18) A. 58 reflections measured,

18 parameters refinedRs = 0.0498, R, = 0.0608,
Ry = 0.0813,%° = 1.82; CuKay-radiation. Atomic
parametersXy z Ui, (in A?), G): Ge (&) ¥% ¥% %,
0.017, 1; Br (4) ¥ Ya Y4, 0.007, 0.844(11); S1 €6
0.0260(10)x x, 0.024, 0.336(7); S2 (8p0.6258(7)x
X, 0.014, 1; Agl (48) 0.0319(2) x 0.2277(2),
0.031, 0.457(4); Ag2 (49 0.1132(8)x 0.2756(7),
0.070, 0.186(3).

The investigations show that the solid-state
synthesis of AgGeSBr, can be performed in an
evacuated g~ 1Pa) quartz ampoule in the
temperature region 450-676 K from appropriate
guantities of AgS, Ge$3, AgBr (1); AgGeS, GeS,
AgBr (2); or AgSBr, AgpGeS, AgBr (3). The
condition required for the synthesis is the pressfr
the gas phase formed by products of decomposifion o
the initial components and the quaternary phase. Th
alloy AgsGeSBr,, obtained under the pressure of the
gas phase in equilibrium with the solid phase, was
cooled down to room temperature at a rate of
~12-14 K/min. After grinding to a particle size of
< 5um, the material was dark red-orange in color and
was used for XRPD, for conductiviys. temperature
measurements, for probe measurements of the
distribution of the polarization emf along the |&mof
the pressed alloy in EC&tc. XRPD of the alloys
with  compositions  0.9A€5eSBr,-0.1AgGeS;,
0.9Ag;:GeSBr,—0.1AgBr and 0.9Ag5eSBr—
0.1Ge$ showed two- or multiphase samples and
indicated no shifts or intensity changes of the
diffraction lines of the AgGeSBr, compound in
comparison with the stoichiometric composition.
Thus, AgGeSBr, is a compound with constant
composition. Refinement of the silver site occupesic
(Tablel) yielded the composition Ag.5eSBr,, in
satisfactory agreement with the sample composition.

The crystal structure of bulk AGeSBr,, as found
for AgeSnSBr, [17], is a disordered variant of the
structure reported for AGeSBr, in [4,5] (single
crystal data), derived from it by transfer of soofi¢he
silver atoms into interstices, with the formatioh o
defect sites. The arrangement of the germanium (or
tin), sulfur, and bromine atoms remains the same in
the structuresTablel, Figs.3,4, and supplementary
CIF).

The distribution of the polarization emf along the
alloy length in ECC-IV was studied for the
AgsGeSBr, compound. It was established that the
formation of polarization emf occurs already at the
stage of ECC construction Fif. 5. For the
explanation of this phenomenon, we used a model of
conduction where the halogen atoms in the crystal
structure of AgGeSBr, are assimilated to a quasi-
liquid in motion. At the borders electrode-alloy
(Aglalloy) an electrical double layer (EDL) is foeoh
The formation of EDL is caused by transfer of
Ag*-ions from bulk silver to the investigated alloy
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Table 1 Fractional atomic coordinates, equivalent isotapsplacement parameters and site occupancies for
Ags 042G€SBry: Pnma—d’c’a, 0P96-44.24,Z = 4, a= 6.53892(5),b = 7.72656(5),c = 22.90338(17) A.
820 reflections measured, 58 parameters refifigds 0.0383,R, = 0.0408,R,, = 0.0528,%*= 1.76;
CuKay-radiation.

. Wyckoff a2
Site position X y z Uiso® (A% G
Ge & 0.0043(5) Ya 0.12934(18) 0.0174(10) 1
S1 a8 0.3142(7) 0.0117(7) 0.3728(3) 0.0158(16) 1
S2 & 0.1900(12) Ya 0.0484(4) 0.023(3) 1
S3 viy 0.2082(11) Ya 0.2038(4) 0.026(3) 1
Brl Ic 0.1349(5) Ya 0.70815(15) 0.0248(12) 1
Br2 Ic 0.1684(5) Ya 0.54072(16) 0.0297(13) 1
Agl &d 0.0047(9) 0.0646(5) 0.4287(5) 0.0258(10) 0.615(8)
Ag2 &d 0.044(3) 0.049(2) 0.4599(14) 0.047(6) 0.145(11)
Ag3 &d 0.0525(13) 0.0645(9) 0.2898(4) 0.0298(17) 0.43p(11
Ag4 & 0.1264(10) 0.0224(7) 0.2731(3) 0.0419(18) 0.53p(11
Ag5 & 0.364(9) 0.005(8) 0.492(3) 0.017(13) 0.044(8)
Ag6 & 0.4634(17) 0.0706(11) 0.1065(9) 0.049(4) 0.227(9)
Ag7 & 0.561(2) 0.0440(15) 0.5250(6) 0.036(4) 0.260(10)
Ag8 4c 0.4523(9) Ya 0.6258(5) 0.024(2) 0.450(10)
Ag9 4c 0.4884(10) Ya 0.6594(4) 0.0376(19) 0.559(10)
Agl0 ) 0 0 0 0.026(2) 0.406(12)
® For U, the s.u. obtained in a previous refinement cycke given. In the final refinement, the site

occupancie$ of the Ag sites were refined for fixed displacempatameters.
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Fig. 2 Observed and calculated X-ray powder profiles tte sample of nominal composition
Ag;.GeS Bros (HTM- AggGeS; ). Experimental data (circles) and calculated pegfolid line through the
circles) are presented together with the calculd&eayg positions (vertical ticks) and differencerveu

(bottom solid line). The sample contains a smalbam of low-temperature argyrodite with orthorhombi
structure. (CKa, radiation).
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Fig. 3 Observed and calculated X-ray powder profiles AgGeSBr,. Experimental data (circles) and
calculated profile (solid line through the circlese presented together with the calculated Braxgitipns
(vertical ticks) and difference curve (bottom sdlite). Top: ordered model according[th5]; Bottom: our
disordered model (séeablel). (CuKo, radiation).

due to the chemical potential difference betwean th The described charge distribution along the alloy
contacting materials. This causes a displacement of length remains infinitely long. This proves that an
part of the halogen anions of the pressed alloyatds/ electronic component of conductivity is absent in
the electrodes. The excess negative charge AgsGeSBr,. From Fig. 5 curve 1, an important

concentrates in a narrow field of the investigated conclusion can be drawn: the “formula” silver is
alloy, near the electrodes (~5-7 % of their total bound in the cell crystal structure and does not
length). In the central part of the alloy (morertha participate in the electrical conductivity process.
65 % of the total length) an excess positive charge Curve 2 displays the changes occurring in the
with a maximum near the middle is formed. structure of the alloy during the charge and mass
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Fig. 4 Comparison of three related structures:
bulk AgsGeSBr, (this work, top), single
crystal AgGeSBr, ([4,5], middle), bulk
AgsSNSBr, ([17], bottom).

transfer. The electrodes act as sources of sikgors
Ag® during their transfer through the transport
channels. For the halogen anions$,Buch electrodes
are blocking. The halogen anions Blrift toward the
higher potential electrode (left-hand electrodethia
circuit scheme). Supersaturation of ions of botnsi

in the contact region leads to formation and
precipitation of silver halide. The halogen anidinat
participate in the charge and mass transfer résutt
alloy electrolysis. The appearance of a second
maximum on curve 2 near the right-hand electrode
confirms this. In some experiments the compounds
AgsSBr and AgSI were used as investigated alloy in
ECC-IV. It was established that the halogens irsehe
compounds also display the properties of a quasi-
liquid in motion [18]. Thus, the layers of ternary
compounds that were pressed into the ECC-Il and I
play the role of source of halogen anions. In sach
way, electrolysis of the investigated alloys by the
halogen atoms during the studies of their chargké an
mass transfer was avoided.
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Fig. 5 Distribution of the amplitude of the
polarization emf along the AGeSBr, alloy
length at7 = 295 K @): 1 — after one heating-
cooling cycle without passing of electrical
current, 2 — after two heating-cooling cycles in
measuring ¢ =o(7) regime, 3 — the silver
electrodes. (b): model for the distribution of
electrical charge over the alloy volume for

case 1.
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Fig.6 Temperature dependence of the
electrical conductivity of the AgGeSBr,
compound in the electrochemical cells ECC-
I-11l (curves 1-3, respectively).

Fig. 6 displays the temperature dependence of the
conductivity of AgGeSBr, in ECC (I-lll). The
difference ino between the three ECC is due to the
contribution of the anion component (Bf") to the
conductivity and to the increase of the linear dgns
of halogen atoms along the transport migration
channels (ECC-Il and Ill). The change of the linear
density of halogen atoms is due to the captureaof p
of the drift anions By, I” by structural defects in the
transport migration channels (lining the channels).
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Table 2 Parameters of electrical conductivity for g&eSBr».

ECC | Temperaturg Analytical equation of temperature-dependént g, 1/ Q-m)
range, K electrical conductivity, K-m) T= 300K T=340 K
I oT = (2.53:0.05)10°%exp(-0.28&V/KT) 0.12 0.40
Il 260-345 oT = (4.40:0.05)10°exp(-0.293V/KT) 0.18 0.59
1l oT = (2.86+0.05)10°%exp(-0.29%V/KT) 0.16 0.54

The mass and charge transfer in the investigatey al

is conveniently described by the model of ‘relay
mechanism movement’ of charge carriers {ABr,

I7) through the transport migration channels. Such a
mechanism was firstly determined by t8Ag NMR
method for the transfer of Agvith the assistance of |

in  (AgDW(AQ.S-Ge9)1x glasses [19]. Additional
information concerning the mechanism of mass and
charge transfer is given if20]. The lining of the
transport migration channels by halogen atoms had a
positive  influence increasing the electrical
conductivity of the alloy. The difference betwedre t
increase ofs for ECC-II and Il is due to the larger
size of the iodine anion in comparison with the
bromine anion. Reducing the effective cross-seation
the transport channels in case of thdining alloy
reduces the increase affor the material.

In the range 260-345K,0 measured for
AgsGeSBr, in the different ECC I(II) is well
described by Arrhenius’ equation. The deviatiomfro
Arrhenius’ law at temperatures higher than 350 K is
result of the decrease of the concentration of gghar
carriers in the transport migration channels duthéo
formation of neutral complexes of silver halideseT
appearance of a large number of drift charge aarrie
Br~ in the alloy of ECC-l is associated with the
electrolysis of material by the halogen atoms rikar
right-hand electrode in the circuit scheme. The
conductivity values for AgseSBr, are presented in
Table2 Their magnitude allows assigning
AgsGeSBr; to the class of superionic materig1s].

Conclusions

The T—x-diagram of the AgceS—[(AgBr), GeS]
polythermal cross-section of the quasi-ternaryp3\g
GeS—AgBr system has been constructed in the
concentration range 25-100 mol.% ¢&3S. The
AgsGeSBr, compound is formed from the melt at
T =676 K following a peritectic reaction of the uig
with the solid solution HTMAggGeS§. The
conditions of the solid-state synthesis of sindiage
AgsGeSBr, quaternary compound have been
established. The formation of an /ApSBr
compound was not observed.

The crystal structure of HTMiggGeS at
concentrations close to the composition 0.42eS—
0.6'Ag;GeSBr’ can be described in a satisfactory way
by the partially disordered model of AgseSel,,.

Chem. Met. Alloy8 (2010)

The crystal structure of AGeSBr, refined on bulk
material Pnma-d®c’a, 0P96-44.24, Z= 4,
a= 6.53892(5)b = 7.72656(5)c = 22.90338(17) A;
R = 0.0383,5°= 1.76) is a disordered variant of the
ideal AgGeSBr, structure (single crystal data) and is
derived from it by displacement of some of the egilv
atoms into interstices, with the formation of defec
sites.

The electrical conductivity of AgGeSBr, has
been measured byde probe method between 250 and
410 K. The quaternary phase is a purely ioig",
Br) conductor. Probe measurements of the
distribution of the polarization emf along the allo
length showed that the halogen anions in the drysta
structure of AgGeSBr, display the properties of a
quasi-liquid in motion. The “formula” silver catien
are bound in the crystal structure and do not
participate in the electrical conductivity proce$fe
electrodes act as a source of drift"Agations. The
conductivity data for AgseSBr, confirm that this
material is a superionic conductor.
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