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GENERAL INTRODUCTI ON

"The deepest and most interesting unsolved problem in solid state theory is probably the theory of
WKH QDWXUH RI JODVV DQG WKH JODVV WUDQVLWLRQ« 7KL\
decade€.

Philip W. Anderson, 1995

Extensive studies of chalcogenide glass systems over the last decades resulted in their numerous
applications in data and energy storage, optics and photonics, imagirchemetal sensing.
Vitreous chalcogenide alloys are also useful model systems to relate the glass composition and
local structure at the shernd intermediateange scale to various phenomena, in particular, to

ion transport in chalcogenide glass/ceranwidely studied for aléolid-state lithium and sodium
batteries. A vast majority of the published research in this field is focused on superionic
chalcogenide materials with high mobile ion content. Much less attention was payed te cation

diluted glasse and to the origin of the ion transport in disordered solids.

Furthermore, the research undertaken in this thesis is in a way the result of integration between the
National and European policies on one hand, and special skills of the « Glasses arshSeam

of the Laboratoire de PhysicR KLPLH GH O Y3$W P R \W&Kqgilkksité/Bi& Bordk Cote
G12SDOH d/tke&other hand. During several years, our team has focused on developing
potentiometric chemical sensors with membranes basedabcogenide glasses to detect heavy
metal ions (Ct&f, HF* Fe*, CP*, PI?*, TI* and Ag). The recommendations in terms of the
discharge limits of heavy metals are regularly amended. Therefore, it is necessary to develop new

and more efficient sensors.

Mercury ion (Hg") is undoubtedly one of the extremely hazardous metal ions widely spread in
air, water, soil and biota. Thus, we have opted to search for new diasties detectiorof Hg?*

ions in aqueous solutionBhis work is therefore a part of a stgp@nvironmental context in which
fundamental research on chalcogenide glasses to be carried out is of a particular scientific interest.
The development of new sensors in this case dedicated for the detection of mercury, requires a
systematic study to detame all the relationships between composition, structure, ionic and/or

electronic transport properties in the bulk material.



The manuscript is organized in four chapters:

Chapter | comprises some generalities on glasses and specifically chalcogenidss.glEss
synthesis of AgYAs;Ss (Y = Br, 1), HgSGeS, Agl-HgSAsSs and AgHHgS-GeS systems has
been described. Macroscopic properties including density, mean atomic volume and thermal

properties have been presented and discussed.

Chapter Il focuses on th electrical conductivity of the Ag¥s,Sz (Y = Br, 1), HgSGeS, Agl-

HgSAs:Ss and AghtHgS GeS systems. These studies were performed using dc conductivity
measurements and complex impedance spectroscopy. The results obtained allows us to understand
the aigin of the ion transport mechanism in disordered solids and especially in thediatted

glasses.

Chapter Il concerns the structural analysis of Ag¥%;Sz (Y = Br, 1), HgSGeS, Agl-HgS-As:S3
and AgtHgS Ge$S glasses. These studies were conductedgudifferent techniques. Raman
spectroscopy, RMC/DFT and AIMD modelling, high energyax diffraction, neutron diffraction
and smaHangle neutron scatterinrgeasurementsave been carried out boterpret the origin of
conductivity changesbut also teelucidate the structural aspects at the shartl intermediate

range orders.

Chapter IV presents a preliminary study of chemical sensors based on chalcogenide glasses for
the detection of Hg ions. Electrodes with different membrane compositions wsteden order
to define the sensitivity and detection limit. These measurements were done to understand and

explain the significant differences in sensitivity and detection limit exhibited by sensors.



Chapter | :

The quastbinary Agl-AsSs,
AgBr-AsS, HgSGeS and the
pseudoternary Agl-HgSASSs,

Agl-HgSGeSsystems



|.1 Generalities on glasses

It is thought that the first glass wadsveloped in the Mitanniaor Hurrian region of Mesopotamia

(~5000 BCE) Being anunlimited, innovative and vseatile material the glasshas plenty of
applicationsLQ GDLO\ OLIH ,W LV XVHG LQ FRQVWUXFWLRQ WUDC
characteristics: hardness, chemical resistance, color and shape varieties, progéitatian,
low-costproducton and othersHereinafter, we presesbme generalities about glasses.

Glasses are necrystalline solids described as amorphous materials depending on their structural

aspect, in which thredimensional periodicity is abs€df |Figure I.1f The corresponding physical

state is th@lassystate and th binding forces between atoms are very similar to those in the crystal
Althoughthelongrange order is absemt glassesthe shot-range order will generally bgresent
andis translated byan arrangement of the close neighbaith respect toa given atomghe

arrangement igariable depending on the site considered.

The glasses are produodd rapid cooling from the molten statiuringwhich crystallization does

not have time to occuandundergo a secororder transition at the stalled glass transition

temperature ;, |Figure 1.2| This transition, which corresponds to the accessibility of new

configurational energy states or degrees of freedom, marks the onset of softening and is
accompanied by an increase in the heatcidyp and thermal expansion coefficient. Thus, their
thermal behavior can be described by a substantial change in the physical properties (specific

volume, enthalpy and thermal and electrical conductivities).

For a long time, the glass transition tempam@ivas treated as the temperature at which the liquid
viscosity reaches 10Pa swhich has not been confirmed for many glasiés now more common

to define §;from a calorimetric experiment in such a way that the enthalpy relaxation time is

always the same, 100 s &3[2].



Figure 1.1. Examples of (a) crystalline and (I Figure 1.2. Enthalpic diagram showing th
amorphous Si@structure3]. glasstransition and the crystallization from tt
liquid state and the melting state.

There are four components that can intervene in the composition of glasses: network formers,

network modifiers, intermediate compounds and doping [gglts

x Network formers

These areovalent compounds that agasily vitrifi ed and hae the capaity to form the glass
networkalone The best known examples &te chalcogenidesr the oxides of siliconboron,
phosphorusgermaniunor arsenicThestructureof such network formers is formed by a sequence

of trianglesor tetrahedronsinked togethein amonao, bi- or tri-dimensional network

X Network modifiers

These are alkaline, alkalirearth or metaoxides or chalcogenides, eNaO, CwO, AQ2S, etc
They cannot form glasses alone bt easily incorporated into the glasstwork formed by the
network formers where thepduce, after dissociation, structural changes in the -glesgork.
7KH PRGLILHUTYV ?2D® IRa@\incdrpalated into the glasstwork whth becomes
negatively charged while the cations (e.d,, lAg*, Na', C/?*) are distributed in the interstitial

sites of the glaseetwork and are at the origin i@ic conduction phenomenon in glasses.

X Intermediate compounds

10



7TKHVH FRPSRXQGY DUH XVXDOO\ LQFRUSRUDWHG LQ WKH
Theycanact as both network formers and modifiers, according to the glass comp&staomples

of such compounds includiganium, zirconiumor aluminum oxides or chalcogenides.
x Dopingsalts

For these compounds, the vitreous matrix (netWorker +networkmodfier) acts as a solvent
Theymayincludehalides, sulfates, or phosphatesitainingthe same cation as the modifi€he
doping salt can affect the optical properties of the glasseshe.gddition of heavy elements such

as lead or mercury will pughe IR transmission limit to longer wavelengtlike addition of high
mobile elements such as silver or lithium will induce an increase in the ionic conductivity by
increasing in the number of mobile carriers and by redistributing of the negative aitearttbe

used for the movement of the cations.

|.2 Chalcogenide glasses

1.2.1 Generalities

Chalcogenide glasses dileely to form wherthe chalcogen elemera$group VIA of the periodic
table{sulfur (S), selenium (Se) and teilum (Te)} are associated covalgntvith one or more
elements belonging tothergroupsof the periodic tablsuch aslementsof group VA{arsenic
(As), antimony(Sb), bismuth(Bi), phosphorus (B) elements of group IVA germanium(Ge),
silicon (Si)}, elements of group 1A gallium (Gg, indium (In), thallium (TI}, and/or halogens
salts of group VIIA {Fluorine (F)chlorine (Cl), bromine (Br) or iodine {l) In massive systems,
for example,Ge and Asare unambiguouslyhe best network formerghey are associated to
chalcogen elemen{8] in a large number of binary and ternary compou@#sandSi, elements
of columns 13and14, form relatively narrow glassgomains Also, one shoulahot to forget that
the size of the vitreous domains depends intrinsically on the speed of mgenshd and as a
consequence, we will only be interested in theated « classical quenchimgi.e. quenching of
the molten material invater or other types of fast quenchii@pmpared to oxide glassebe
chalcogenideonesare denser andxhibit we&er bonds. The chalcogen elements hane?p?
electronicconfiguration,two of its valencep-electrons form covalent bonds with the nearest

neighbor atoms, whilthe remainingwo valencep-electronsorm a nonbonding lone pair (LP)

11
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orbital at the top othe valence bond; these ldRectrons arsuggested to beesponsible for the

reversible switching properties of chalcogenide glages

Figure 1.3. Variation Ty of the Se binary base Figure I.4. Variation of Ty as a function of the
glass alloys as a function of the concentration of average coordination number Z of the bini
added elememnt glasse SeGe.x.

The thermal stability of these glasseamambiguouslyelated taheir compositionFor example,
the arsenic selenide glass28& presents, upon heating crystallization featuréin addition to

the glass transition oné; This sameerystallization featurés absent for tharsenic sulfidglass

As>Ss. The G valuesdepends on the connectivity, and thus on the rigidity ofitheous network.

Figure 1.3|shows the variation of th;as a function of the different systems.-3&e,, Sa-xAsx,

Sea.Bix and SexInx [5], [7], [8]. The addition of an elememt(i = Ge, As, Bi, In, etc.with
coordination number greater thato2a linear polymeric structure, e.g., Seedus matrixresuls
in an increase ofy;with x; a behavior thais mainly related to network connectivity has been
establishedhat the glassy covalent networks exhibit two topological threshwltien dscribing
the glass structures byeans of virtual atoms bonded together with aerage coordination
number given by:

<L I TaA
o D

(x is the at% content and; the coordination number of the eleménthe glassynetworkmust
changefrom a floppy to a rigid type foZ = 2.4 (Phillips consaints theory)thenit transforms

from a twedimensional layered structu® to a threedimensional networlarrangemen8D for

12



Z = 2.7 (Tanaka model). These two thresholds are-eeerved in theraph presenting the

variation of ywith Z for gemanium selenidglassesSeGeix [9] (Figure 1.4).

To be briefthe nature of chalcogen bonds that are present in the nesvoeterminant for the

local organizatiorof glass. As the chalcogen atomic numBencreases (So Te), the bonds
associated with the chalcogen lose some of their covdlaracter in favor o metalliconeas in

the case offe. The differences of character between bonds (directional for covalent bonds and
isotropic for metallic ones) are important, since tlggynot onlyaffect the stability of the glass,

but also itscorrespondingpropertiesge.g.,electrical ones. The covalent glasses tend to be more

stable and resistiveatherthan themetallicglassesA typical example for AgChs glasses (where

Ch =S, Se or Te) is showrkiigure |.5( where the substitution of one chalcogen by another lead

to a staggering variation of the electrical resistivignd energy gapgThe gradual substitution
of sulfur by selenium in thAs;SzxSe compound decreasalrasticallythe eledtical resistivity.
This decrease is even more prominent forAkgSs.«Tex compound where the sulfur is substituted
by tellurium. The decrement il values is accompanied by a corresponding decrease iy

values However, the decreage ! LV QRW RQO\ GKH3yWR D GHFUHDVH

Figure 1.5. Resistivity and energy band gap E, measured alptifor various glassg4.0].
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|.2.2 Basic material properties and interests

Chalcogenide glassesxtensivelystudiedsince the 1970grovide numerous applications in the
fields of electronics, imaging, photonics asehnsos[11]. The existence of a broad range of glass
forming systemsvith wide-spaced composition and good resistaneatdscrystallizationmakes

it possibleto alter their optical, electrical, magnetic, chemical, thermdlaher propertiesThe
unique set of properties suchramlinearity, photosensitivity and infrared transparency, allowed
the usage ofhalcogenide films and glasses as electream resistgL2] as well as the creation of
threedimensional optical nanostructures by direct laser writing. In addition, the intrinsic properties
of chalcogenidesenderthem attractive materials for use in infeitransnitting optical fibersas
waveguides for optical sensors and telecommunicafit8ls and as phasehange memories in
CD/DVD-RW discq14]. Finally, the chemical stability and durability in aggressive environments
[15] of these glassedlow an advanced application in the field of environmental monitoring and
industrial process control, especially when dopetth metals[16]. As a result chalcogenide
glasses have been usedsassiblemembranes in ion selective electrodes (ISE) for the detection

of heavy metal cations and toxic anions in solufiiof] £19].

Chalcogenide glaes are also interesting because of their useds| systems to investigate glass
networks, and structural roles with respect to materials propertie$2@c[21]. For example,
silver-halide doped glassegere used as model systetosinvestigatehe ionicconductivity in
materialg20], [21]. Remarkable effect on the conductivity has been observed when chalcogenide
glasses are doped with alhamounts of Ag22]. Owen found that the dc conductivity of s
LQFUHDVHYV E\ “* RUGHUV RI PDJQLW X (28]. Ravah(@td et dd have $J LV
reported that sulfide glasses containing large amount of Ag can be obtained in wide regions of the
systems G&-Ag and AsS-Ag [24]. Hence, intensive studies has been devoted to investigate the
system AgS-As;Ss because of its interesting electrical properfiééy, [24], [25].

1.3 Synthesis of glasses

In our continuous quest for the discovery of new glasses, dedtmesensible membrane
applicationin chemical sensoysve haveopted forthe two binary systers AgY-As:s (Y = Br,

l) and HgSGeS, and thetwo ternary system Agl-HgS-GeS and Agl-HgS-As»Ss. For those
systems, e arsenic sulfide ASs and the germanium sulfide GeBasesact amnetwak formers.

The silver iodidg(Agl) and the silver bromid@AgBr) compounddavebeen chosen because of

14



their ionic conductivity since a good conduction is a necessary condition for the proper
functioning ofthedeveloped sensorsinally, themercury suide HgS allowsoththeintegration

of Hg?* ions in the vitreous systeandthe ionic exchange with the aqueous solution, and hence
renders the sensible membrane specific to mercury detection. Howisveresenceas not
mandatoryfor the eventual devetment of a specific chemical sensor for meradeyectionas
seenfrom ref. [26]. The objedtve of the current works (i) to synthesize and defirtae glassy
domain of the new systems as a first step, and (ii) to study their plofsoaical properties as a
second step.

The synthesis of chalcogenide glassesvisysa delicate process becaubke presence afxides,
moistureand other impurities may cause undesirable effecbotnthevitrification levels and the
desiredsample properties. Consequentlye synthesis is carried out in silicdoés under vacuum
using high purity starting matats. Before their use, the silica tubes are cleaned with aqua regia
(mixture of acids, 1/3 HN&and?2/3 HCI) for several hoursinsed with distilled wateralcohol

before beinglried in thestove

1.3.1 Purification of sulfur

The starting materials are initiwlof high purity (56 N). However,due to their oxidation upon
contact with air, a preliminary mandatory purification step is requiireel purificationprocess is
carried out byintroducingthe sulfur pellets(99.999% pure, Acros Organidsito a silicasetup,
comprised of a filter and a tupiat is then heated at 130°C unglacuum in order to eliminate
volatile impurities such as water andlfar oxides and later forthe removal ofless volatile
impuritiessuch as carboandtrace metalwia a distillation stepup to 450 °C. The volatilization

of oxides by purification is based on the fact that the vapor pressure of oxides is significantly
greater than their corresponding elem¢aig.
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Figure 1.6. The experimental setup used for the synthesis of th8; fass.

1.3.2 Synthesis of the starting materials

|.3.2.a A;Ss
The synthesis of ASs is accomplished from arsen(@9.9999% pure, Ceraand the previously

purified sulfurpellets The experimental setup used for the synthesis is shq®igure 1.6{ The

starting materials are introduced into an assembly constituted of a pyrex part for the purification
of arsenic and a silica tube contamia filter for the distillation of the elements and the synthesis

of glasses. Arsenic is introduced into the pyrex setup while sulfur is introduced into the silica filter.
The entire assembly is placed under high vacuum éfiltar. Arsenic is heated up 320 T to
remove the oxide layer on the surface. Initially black, it becomes gray after this procedure. Then,
it is transferred to the filter part with sulfur. The reaction tube containing the mixture of arsenic
and sulfur, obtained by sealing, is platedhefurnace to béneated andistilled at 850 € for 24

hr. The purpose of thiprocedures to eliminate all the impurities having boiling temperatures
higher than that of the glass. When the distillation is donegdlupartof the tubes sealed rad

placed in a rocking furnace at 80C to homogenizéhe melt. Air quaching is carried out from

650 C to room temperatuite obtain thigylass.
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1.3.2.b GeS
GeS was synthesizéy mixing, instoichiometriaatio, germaniungAldrich, 99.999% and sulfur
pellets (Aldrich, 99.999%)in a silicatube It was then heatedunder vacuum up t895 °C,

homogenizedn the furnace, and finally quenched in air at 600 °C.

1.3.2.c AgBr

The synthesis of AgBr was carried puits aprecipitationprocessn the absence of lighby mixing
4.210"?M of potassim bromide KBr solution with 2.8L0?M of silver nitrate AgNQ solution.
Both solutions were heated separately under agitation. Then the heated KBr solution was added in
several times to the heated Aghéblution under agitation. Feminutes after the last addition,
the agitation was stopped and the heating temperature wassed. After 48 hours, 2 ml of nitric
acidHNO:s (0.1 M) was addedhe solution washen mixed and the temperature Wefsin order

to evaporte the maximum aount of waterOncethis was achievedhé remaining liquid was
decanted and theemainingAgBr precipitate was rinsed with distilled water several times. The
precipitate washenleft overnight indistilled water under agitatiomeforebeingfiltered anddried

at 110120 °C.

1.3.2.d Agl

The Agl was synthesized via the same precipitation process as AgBipotassiumodide Ki

solution (6 u10? M) was addedo the silver nitrateAgNOs solution(5.9uL0? M). After 2-3 h of

incubationtheresulting mixture wadecanted and thresultingsilver iodideprecipitatevas rinsed
with distilled waterseveral timesThe precipitate was then stirred with distille@terovernight
in order to remove all traced ions related to potassiunitrate, befordeingfiltered and dried at

110120°C in the stove

1.3.3 Synthesis of the quasbinary and pseudeternary glasses

The synthesis of a glass is based on an essential element: the rapid cooling of a molten liquid, a
process called quenching. The glasses were prepaeedhis classicalquenching methodyy

mixing the starting compounds mentiongolove Samplecompositions (typically 3 g of the total
mass), in requiregroportions, were sealed under vacuum®(hibar) in silicatubesof 1mm
thicknesg8 mm ID/10 mm OD) and heateld \SO®&850 °C for As;Ss-based glasseandat 900

995 °Cfor GeS-based onefor 24 h before being quenched iatoold saltwater mixtureGlasses

17



at the limit of the glasforming region wereaypically 1.5 g of the total massSilica tubes of 0.5
mm thickness (5 mm ID/6 mm OD) were usedin order to maximize the heat exchange

surface/mass ratio

|.4 Characterization

.4.1 Density Sand meanatomic volume , - ;

Density is an important macroscopic property which is related to other physical properties of the
material. It is measured by a hydrostatic method using toluene as immersion fluid and germanium
as a standard. The density change is related to the atomic mass of the elements present in the
composition. In general, the higher the atomic masses of therdgleadded to the composition,

the higher is the densitiMleanwhile, he mean atomic volumealculated from both density and

mean atomic mass values of each glass composigpnesentshe volume "occupied” by one

mole of atoms in a certain compositi@hanges in the linslope of one or both parameters, de.

or 8§ as a function of glass composition could be related to possible sttuattarmges of the

glass network.

1.4.2 Vitreous domain analyzed by XRD

To verify the glassy state of the samples detkct the presence of crystalsyag diffraction
(XRD) wasperformed anda Bruker D8 Advance diffractometer at room temperaiaes used

This later is equipped with a copper anticathode emitting ridiation, a LinxEye detector, a
goniometer / and arotating sample holder (to avoid preferential orientations). The general
conditions of acquisition correspond@Q DQJXODU UDQJH RI IURP °f WR
and a counting time of one second. Tpasverful analyticaltool, based on the difaction of X

rays by matteand usually usetb study in detailshe crystallized materialg.g.minerals, metals,

F H U D P Lisndteeally adapted to analyze amorphous mateeadsliquids, polymers, glasses).

Due to the absence of lomgnge ordern amorphous materials, tliffraction patternobtained

via XRD lack the Bragg peaks while tdédfraction patternof crystalline materials do nothe
crystalline phases were identified by comparinggbsitions of the Bragg peakdtained with

those ofreference compounds in the JCPDS database (Joint Committee on Powder Diffraction
Standards).
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1.4.3 Thermal properties analyzed by DSC

The differential scanning calorimetry (DSC) is an analytical technique that measures the
characteristic temperatures and heatl associated with different thermal phenomena that may
occur duringheating or coolingnaterials. Three characteristic temperatepast glass transition
temperatures ), the crystallization temperature&s| and the melting temperature§, (. The §;

is obtained fronthe intersection of two linear portions [32] adjoining the transition bend of a DSC
thermogramand is associated to thransition of he material from the glassy state to the viscous
state. Beyond this temperature, the viscosity decreases continuously and progressively. This allows
for the atoms toe-organize and the atomic structure teareange. Hengéhecrystallizationphase
representedby an exothermic peak. In contrast, the melting temperature is determined by an

endothermic peak.

Figure I.7. Typical DSC graph for a chalcogenide glass showing the characteristic transformation
transition, crgtallization and melting temperatur¢23] .

The parameter which defines the tendency to form glasses has been proposed by Hruby and is
given by the following relation:

& F &
6 F&

The difference6s §jinforms us about the stability of the glass facing crystallization. The higher

-4 L (. 1)

the difference, the greater is the stability of the glasd the shapingfahe material by heating

above its glass transition temperature is feasible.
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In our case,hle thermal phenomena glassesvasstudied using a DSC Q200 TA Instruments.
Sampleswveighingbetween 3 and 15 mg are sealed in aluminum capsules and are helatad wit

slope of 10 °C.min in a range of 10 t&50 °C max under nitrogen flowA typical DSC curve

obtained under these conditions is showRigure 1.7

1.5 Searching for new glassy systems
1.5.1 Quasibinary AgBrr-As:S
1.5.1.a Glass forming -region
The (AgBr)x(As:Sg)1.x System reveal a quitextended glas®rming regionup 80 mol% of AgBr

Figure 1.8. XRD pattern of the systefigBr)«(As:Ss)1.xwith x= 0.4, 0.5 and 0.6.

The XRD patterns othe x = 0.4, 0.5 and 0.@€ompositionsare shown ifFigure 1.8{ The first

crystallization peaks appear cleafty x > 0.4 the indexation of the peaks using JCPDC reveals

that the crystallites correspond to bromargyrite A¢E)-006-0438).This result was obtained for

glassesynthesized imlargemassquantity (|3-10 g,|Figure 1.9(b). The Bragg peaks do not show

or their intensity becomes negligible for the smxaHl 0.6 compositin (0.3)) at the limit of the

glassforming ranggFigure 1.9(a). Hence, the extended rage 0.0 0 x=0.6
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Figure 1.9. A low- 3 part of (a) the Xray 5 :3;and (b) neutronbg : 3 ; structure factors for AgBrich
thioarsenate glasses. A smak 0.6 glass sample (0.3 g) was used for fd@ghkrgy xray diffraction
experiments. A much larger= 0.5 sample (10 g) was measdrusing pulsed neutrons. Characteri:

Bragg peaks of cubic AgBr, space gro(p & [29], are also shown.

1.5.1.b Density and mean atomic volume

The density and the mean atomic volume of the glassy samples Agiig,(AsSs)1-x System are
shown in|Figure 1.10| The density values are also listed|Tiable 1.1 The density increases
monotonically withx from 3.15 & = 10%) to 4.44 gemi® (x = 0.6)(Figure 1.10{a)). This behavior
is expected since the density of the crystalline silver brondide: (= 6.47 g cr?) [30] is higher
than that of the-As;Ss host glassdgas2ss= 3.18 g cri¥) or crystalline orpiment-As;Ss (dc-as2s3

= 3.46 g cr¥). The mean atomic volume decreases wi@ b)). The extrapolatio tox

= 1 gives density and mean atomic volume values that correspond to the crystalline AgBr.

21



Figure 1.10. (a) Density and (b) mean atomic volume of the (AgB9.Ss)1x alloys as a function of th
silver bromide content.

1.5.1.c Thermal properties

Table I.1jsummarizes theharacteristic temperaturégand 6:0f the investigated glassy samples.

Typical DSC traces of the (AgBI(As2Ss)1.x glasses are plotted|kigure 1.11f Samples with low

AgBr content x ” VKRZ D VLQJOH Hke GRuWeKcdrtespbriding o Hyfass
transition indicating a homogeneous glass nature at the macroscopic and mesoscopic scale.
However, those with high AgBr contert € 0.35, 0.4 and 0.45) show two glass transition

temperatureselated to glass inhomogeneity aheé probablepresence of phase separation.
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Figure 1.11. DSC curves of the glass systéAyBr)«(As:Ss)ix ZLWK x” 7 7KH FXUYHYV
between the temperature ranges 25 and 450 °C.

The evolution of §;for the investigated samples as a function of the AgBr content is plotted in

Figure 1.12| The addion of AgBr to the host glass shows an overall decreaggfiom 193 °C K

= 10% to 108 °C x = 0.6) owing to the initial framework disordefy; of AgBr-poor glasses
decreases by35 °C from 193 °C x = 10%) to 158 °C % = 0.2), while thabf AgBr-rich glasses
changes byy50°C from 158 °CX = 0.2) to 108 °CX = 0.6). The stagnation or evethe slight
increase ofg;values aftex = 0.45 is attributed to the partial crystallization and inhomogepéity

the glassy sampleSimilar normonotonic diangesin the glass transition temperaturesre
observedfor both Ag-S-As,Ss and AgS-SkrSs sulfide glass systemdoped with Agl[31]. In
contrast, the changes were monotonic fordiver-halide doped AsSe; selenideglasseqd32],

[33]. For all the glasses, th&is followed by a broad and weak exothermrigstallizationpeaks

6; decreases fror856 °C to 152 °C with increasingx. The glasgorming ability increases with
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continuous addition of AgBf¢6 L Q F U HTaMeH ¥) ub to thex = 0.3 glass composition with

this later being the most stabldowever, ak > 0.3, the trend is reversed as the sharp decrease in

6:values( 6;= 152 °C forx = 0.6)lead to a corresponding decrease of ¢fialues vinichreflects

a deterioration in the glagerming ability for AgBFrich glassegqTable 1.1). This increased and

decreased glagsrming ability for AgBrpoor and AgBirich glasses respectively, suggests

differentatomic structural organization between the two regions.

Table I.1. Density, glass transition temperatufg)(@nd crystallization temperaturg) of the binary glass
system (AgBrYAs:Ss)1-x. Glass forming and thermal stabilityiteria are also given: T =Tx- Tg.

Composition Density & (°C) (x2) & (°C) (£2) ¢6(°C)
(g.cnt®)
Bus Bus G5 Bs6 67

0.0001 3.152(9) 193 - 353 - - 160
0.0003 3.164(4) 191 - 354 - - 163
0.001 3.171(3) 190 - 353 - - 163
0.003 3.180(0) 185 - 356 - - 171
0.01 3.202(5) 180 - 356 - - 176
0.02 3.222(9) 178 - 355 - - 177
0.05 3.264(8) 173 ; 349 i i 176
0.1 3.307(1) 169 - 342 - - 173
0.15 3.422(3) 159 ; 342 ; ; 183
0.2 3.49(5) 158 ; 339 i i 181
0.25 3.595(9) 150 ; 338 i i 188
03 3.678(6) 134 ; 338 i i 204
0.35 3.792(1) 123 161 237 332 i 114
0.4 3.876(2) 116 160 200 331 331 84
0.45 3.974(8) 100 120 156 239 345 56
0.5 4.158(5) 119 ; 216 330 ; 97
0.6 4.443(4) 118 ; 152 204 329 34

The bimodal distribution of glass transition temperatutaa be attributed to phase separation
effects in a similar way to th&g>S-As,Ss glassesvhere g varied by &0 °C in the concentration

UDQJH A Ag [B¥. Similar behavior was exhibited fotr@r Ag-containing glassef85];

high yvalues were assigned to the-pgorphasewhile the low onesorrespondetb the Agrich

phase
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Figure 1.12. Variation of the glass transition temperatlig@as a function of different compositions

the quasbinarysystem (AgB)x(AS:Ss)1-x.
As had been shown in A8As;Ss [36] and AgAsS [37] glasses, the addition of Ag has a
profoundimpacton the glass morphologyt low Ag concentrationthe Agpoor phase is the
dominant onelt also containgarge Agrich domainswith inclusions of Agpoor phase of various
sizes. However, for higAg concentrations, the situation changes drastically and thecAghase
becomes tb dominantone This behaviorwas considered a& characteristic of a percolation
threshold with the Agpoor phaséeingresponsible for the conductivity at low Ag concentrations
and viceversa fo the Agrich phase. Tis transiton has beegonsidered athe basic mechanism
of theabrupt changef the ionic conductivity.

1.5.2 Quasibinary Agl-AsS:
1.5.2.a Glassforming region

In contrast to the previously reported limited gtmsning range of the (AgHAs2Ss)1-x System

(glasses up tg ” [38]), we wereablevia anaggressivkime consuming quenching technique

to extend the glas®rming range up to the= 0.4 glass compositioffigure 1.13
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Figure 1.13. A low- 3 part of (a) the Xray 5y:3;and (b) neutronk: : 3; structure factors for gi-rich
thioarsenate glasseA. small x = 0.3 and 0.4glass sample (8 g) was used fohigh-energy xray
diffraction expennents. A much largex = 0.3 sample 4 g) was measured using pulsed neutrons.

1.5.2.b Density and thermal properties

The density and the mean atomic volume of (thg!)x(As:Ss)1-x glasses are presentedHigure

I.14} The densityincreases monotonically with the silver iodide contenthile the mean atomic

volume remains essentially invariant. The measured density values vary between 3.13{®) g.cm
= 10% and 4.03(6) g.cri(x = 0.4). This observed trend, which is related to silver iodide, is well
expected since the density of the two crystalforms of silver iodidéd -aq = 6.12 g crf andd -

agl = 5.68 g cr) [30] is higher than that of the A% host glassdgaszss= 3.18 g crit) or the
crystalline orpiment AsSs (de-as2s3= 3.46 g crtf) [39]. The extrapolation t& = 1 gives a density

value which corresponds to the crystalline silver iodidRU PAgL.
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Figure 1.14. (a) Density and (b) mean atomic volume of the (A&8.Ss)1x alloys as a function of th
silver iodide content.

1.5.2.c Thermal properties

Typical DSC traces othe (Agl)x(As:Ss)1.xglasses are plottad|Figure 1.15(and tle evolution of
q;as a function of the Agl conterst plotted ir[Figure I.16| The addition ofAgl to the host glass

causes an overall decrease@gfrom 188°C (x = 10%) to 110°C (x = 0.4). Meanwhilg glasses
with x = 0.35 and0.4 compositionsdo not present a uniqué; value This indicatesa non

homogeneous nature of théassandthe presence of phaseparationconfirmedvia both HE-
XRD (high energy Xray diffractio) and SEM (scanning electron microscopyneasurements.

Two regionswere distinguishedi) Agl-poor and(ii) Agl-rich region that aréo be presenteuh

Chapterlll. A slight red shift in & is also noticed [Figure 1.15 Furthermore, ¢,6 increases

monotonically withx from 164 °C x = 0.1) to 231 °CX = 0.4 taking the lowest valuen §)

indicating an enhancement in the gtéssning ability|Figure 1.17
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Figure 1.15. DSC curves of the glass systéAyl)x(As:Ss)ix ZLWK x 7 7KH FXUYHV
between the temperature ranges 25 and 450 °C.

Figure 1.16. Variation of the glass transitio Figure 1.17. Evolution of the 6 parameter as .
temperaturef;as a function of Agl content in th function of Agl fractioncontent in thejuastbinary
quastbinary system (Agl(As:Ss)1x. system (AgH(ASzSs)1x.
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1.5.3 Quasibinary HgSGeS

|.5.3.a Glass forming-region
The (HgS)(GeS)1x samples containing less than 60 mdtgS (x  0.6) appear to be vitreous

Figure 1.18] Thex = 0.6 compositiorsynthesized itarge quantities (3 g) isrystaline. However,

when synthesized ismall quantities (1.5 g)t appears tde glassyThe Bragg peaksvere those

of the HgGeS crystalline compound

Figure 1.18. The vitreous domain of the qudsinary system (HgS(GeS)1.«: Vv, with crystallites andy,
without crystallites.

1.5.3.b Density and thermal properties

The density of the glassy samplagshe (HgSk(GeS)1x System increases monotonically wih
while the mean atomic volume decrea:@. The density increase is expected since the
two crystalline forms of mercury sulfide have significantly higher deitditygs= 8.17 g crf and

d -ngs= 7.70 g crtf [30] ) than theGeS host glasgdgces2= 2.72g cm®) or crystalline GeS(dg-

ces2= 3.03g cm®).
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Figure 1.19. (a) Density and (b) mearamic volume of the (HgR)GeS)1« alloys as a function of th
mercuric sulfide contert

DSC traces of the (HgR¥eS)1x are plotted irliFigure 1.20| All the samples show a sing

endothermic peak correspondirio the glass transition temperatur@ The unique glas

transition indicates a homogeneous glass nature on both mesoscopic and macroscofic

in the mercury thiogermanate glasses decreasesnwittasing« from 380 °C to 285 °@Figure

1.21) in a similar manner to the mercury thioarserfaigS }(As:Ss)1-x glasse$40]. The reducec

connectivity in the mercury thiogermanate glasses seems to be regpdosithe observer

changegFigure |.21jreproduces the glass transition temperature in vitreousG#§® as a

function of the germanium atomic fraction together with the thermal properti€s8f.y
ELQDULOHY[41). 'Q WKH ODWWHU V\VWHP WKH H[FHVV-E"
dimers and/or short oligomeric sulphur chains replacing bridging sulphur-BeSand ES
GeSy, structural units, thus reducing the network connectivity, and therefore decréasi
glass transition temperatufél]. The §; composition dependence in HE®S mimics this
trend.Finally, a sharp and intense exothermic crystallization pgak-appears for the = 0.4
composition which then rapidly shifts to lower temperatuses 0.5 and 0.6) reflecting

reducedylassforming ability.
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Figure 1.20. DSC traces of thEHgS)«(GeS)1x glasses, 0.1dx d0.6, obtained in the temperature rar
from 30 to 550 °C.
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Figure 1.21. Composition dependence otthlass transition temperatuggn the quasbinary system
(HgSKGeS)1x; (a) comparison withHgSk(As2Ss)1x (the dashed ling}0], (b) comparison witlGe +
S binaries The solid lines are drawn as a guide to the eye.

1.5.4 Pseudo-ternary (Agl){HgS.5.x2(GeS)o.s.x2

Silver-containing chalcogenide and chalcohalidgasses in thehiogermanatesystemshave
alreadybeen investigated.g.GeS-Ag2S andGeS-Ag.S-Agl [42], [43], GeSeAgl [44], GeS

| [45], [46], GeS-Ag [47], [48], GaSs-GeS-Agl [49], GeS-CdSAQ2Se[50], Ag.S-TI.S-GeS
GeS [51]. Moreover, Moncheetal. [52], [53] have studied the (Agl)iGeS)1x system and have
determined the boundaries of the gle@sning region with Agl content up 80 mol%.Indeed,
the introduction of the doping salt such as silver haljdésinfluences largelyhe properties of
chalcohalide glasseBor example,hehigh halide concentrations improve the ionic conductivity,
because they provide a good medium for the migration ofidws [42]. Glasses with low Agl
content are more stablasthey are close to the energetically stable stoichiometric G&Ss
Meanwhile,higher Agl concentrations suppress the gfassing ability and reduce the thermal
stability of the glassed.his is explainedy the fact that Agl addition modifies the Geglassy
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network, which in return has a significant impantthe glasgorming ability. Themicrohardness

experimersg, performedon the GeS-Agl glasses for S/Ge tia = 1.5 and 2 shows that

microhardness deeaseswith increasingAgl content[53] and this is probably related, from a

macroscopic poinbf view, to the very low microhardness of the AglLe7x1° Pa)[54]. This
QHWZRUN 23S0 D VMWdnAgl]doRidg hadak&adibeenreported by Ibanefor various

bulk glasseg43]. As a result, the increment in Agl content reduttess concentration of G8

structuralthatpossess high hardnemsd hence thdecrease in the hardnedglee glasses

1.5.4.a Glassforming region

Figure 1.22| shows the glaskrming domain of thepseudeternary Agl-HgS-GeS alloys is

relatively narrowand centered around tiagl)x(HgSh.sx2(GeS)o.sx2 composition lire. The

glassforming region of thgAgl)x(HgSh.sx2(GeS)osx2 System obtained in our synthesis and

guenching conditionextendsup to 60 mol% of Ag(x = 0.6)

Figure 1.22. Glassforming region in the AgHgS GeS pseuo-ternary system.

1.5.4.b Density and mean atomic volume

The density and the mean atomic volume of the glassy samples of thgHg8).5x2(GeS)os

x2 are presented

Rigure 1.23

listed in

Table 1.2

The density increases with increasing the Agl

content from4.59 & = 0) to 5.55 g cni (x = 0.6). This trend is wekxpected since the two
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crystalline forms of silver iodidel(.ag = 6.12 g cr? andd -aq = 5.68 g cr? [30]) are higher than

that of the host glass (HgSJGeS)os (drHgs)o.sGes2)05 4.58 g cr¥). The extrapolation ta = 1

JLYHV D GHQVLW\ YDOXH ZKLFK FRUUHVSRQGAQI \(¥iguraY KH FU\
I.23(a)). The mean atomic volume increases monotonically xfeigure 1.23(b)).

Figure 1.23. (a) Density and (b) mean atomic volume of {Agl)x(HgS) sx2(GeS)osx2 alloys as a
function of the silver iodide content.

|.5.4.c Thermal properties

Table I.2lsummaizes the measured glass transiti§and crystallization6; temperatures of the

(Agh)x(HgSh.5x2(GeS)osx2 glassesThe obtained glassesere homogenougor all the glass

compositions, 0"x ” 6 asonly asingle glass transition is observ@' ure 1.24 displaying §;

evolutionas a function ok, shows an overall decrease @fwith increasing« content.However,

four different §,decreasingates can be easily seen with increasindisplayed in four regions:

() the g;of the Agtpoor glasses decreases sharplyg °C from 232 °C X = 0.0) to206°C (x
=0.]), (i) §;of Agl-intermediateglasses changatightly by y12°C till 194 °C & = 0.3), (iii)) &

of Agl-rich glasseshanges linearly till 1% °C k = 0.5); however, (iv) & of high-Agl rich glasses

(X e IRUP D. @/ Bhauld hate that glasses in the latter region are sensitive to

crystallization, i.e., appearance of Agl micrmr nanecrystals because it is the limit of glass
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foUPDWLRQ ,Q WE&BH, OVWDHUDRIDER ¥ AWERSS]. Therefore, most plably
the peaks observed in the temperature rangel®47°C are due to glass transition which is,
KRZHYHU SDUWO\-FRBYHWH®G CBinsh BREIS transition temperatures was
previously seen in AgtlopedAg>S-As:Ss and AgS-ShrSs alloys as well as the corresponding
Agl-As;Ss host glassef31]; the §decreases from 144 °C (36 mol% Agl) to 85 °C (70 mol%
Agl). Similar trend wasilsoobserved for (H@)x(Ag2S).5x2(AsS2S3)0.5x2 glassewith increasing

mercury iodide conterjb5].

Two crydallization features atss and 6:¢ appear for all glass compositions and a new Hiigh
crystallization appears &, for thex = 0.55 and 0.6 glass compositions. Silver iodide additions
decrease the overall resistance of bir&tgSh.s(GeS)o.s host matrixtowards crystallization; <k
decreases from 28% € 0.0) to 233 X = 0.6). Meanwhile, the empirical parametéif, = Tx i Tg,
usually used to characterize the gimsning ability presents values that are systematically below
100 °C indic#éing that those glass are thermally unst@

Figure 1.24. Variation of the glass transition temperatiigeas a function of different compositions
the pseuddernary gstem(Agl)x(HgS) 5x2(GeS)o.sx2.
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Table 1.2. Density, glass transition temperatufg)(@nd crystallization temperaturg) of the binary glass
system(Agl)x(HgS) sx2(GeS)osx2. Glass forming and thermal stabilitsiteria are also given: T =Tx- Ty

Composition Densigy &(°C) (£2) 6:(°C) (x2) ¢6(°C)
* O e @5 B Gy
0 4623(6) 235 287 411 52
0.0001 4566(4) 237 310 415 73
0.0003 43958) 234 351 421 54
0.001 4619(3) 234 284 410 50
0.003 4.601(9) 230 289 410 59
0.01 4.660(5) 242 283 402 41
0.02 4.709(7) 220 258 403 38
0.05 4.721(5) 214 277 406 63
0.1 4.812(7) 206 248 398 42
0.15 4915(@8) 204 264 404 60
0.2 5.037(3) 206 253 397 47
0.25 5.062(7) 199 263 355 64
0.3 5117(5) 194 235 365 41
0.35 5.234(6) 188 236 353 48
0.4 5284(1) 179 232 360 53
0.45 5.382(1) 170 223 357 63
0.5 5.456(3) 165 230 340 65
0.55 5.495(7) 164 225 348 400 61
0.6 5.551(4) 164 233 350 391 69

1.5.5 Pseudo-ternary (Agl)o.s-x2(HgS).5-x2 (As2S8) x

1.5.5.a Glassforming region
The glasgorming region of the pseudernary system AgHgSAs:S: have been reported
recently{38]. The vitreous domaiis very large covering more than half of the diagesaepicted

in[Figure 1.25) The vitreous domain is located in the;&sAich region and a minimum of 20 mol%

AsS0f is requiredThe structures of these glass studied using Raman spectroscopy, show that
the A and B series, i.e(Agl)o.5x2(HgSh.s5x2(AsSs)xand(Agl)o.3(HgS),(As2Ss)0.7.y respectively,
form a hybrid HgS chain/AsS pyramidal networkTheRamarrevealsan additionasilver related
vibration modeat |226 cm' thatappears for the Agiich vitreous glasses of the Aeries ak >

0.2 The amplitude of this mode changes fmanotonically with Agl or HgS content and reveals

a maximum amplitude at= 0.3[39]. Thesame |226 cm! mode appears iB series glasses and
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the maximum amplitude occuas y= 0.35 compositionT his maximum amplitudeorresponds to

the equimolar+J $J IUDFWLRQ >7AKI@/ >3D@® VWVHU V 226] ¢y mwode WKDW W'k
related to a structural motif in the glass invaolyitwo species, Ag and Hg, and more precitedy

presence omixed interconnected (AgbSz2)n and (HgS2)m chains in the glass networR.o this

end, i.e., to depict the continuous presence of|226 cm’ vibrational mode, we have synthesized

an addational D seriegn the(Agl)o.sx2(HgS)h.sx2(As2Ss)x composition range corresponding to the
equimolarHg/Ag fraction, [Hg]/>$ J @. Be XRD patternshow that theD-seriesalloys are

amorphous in the composition range X

Figure 1.25. Glassforming region in the AgHgS-As,Ss pseudeternary system with the four series: .
series: (AgD)x(HgS) 5x2(AS2S5)0.5x2; B-series: (Agl)o.s(HgS)(AS2Ss)0.7.y; C-series:
(AgD)AHgSh.1(AS:S5)0.9, andD-series(Agl) 0.5x2(HGS b.5x2(AS2Ss)x.
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1.5.5.b Density and mean atomic volume

The glass density and the mean atomic volume of tseri2s are prested inFigure 1.26] The

density values are also listedTable 1.3] The density increases with increasing the Agl content
from 3.16 & = 10%) to 5.57g cm?® (x = 0.4). This observed trend is related to silver iodide and

mercuric sulfide and is well expected because the densities of the crystalline forms(df-egch
= 8.17 g ¢, d -ugs= 7.70 g cr? [30], [56] andd -agi = 6.12 g cIT¥, d .ag = 5.68 g cri¥ [30])
together with the densities of the LT and4A§HgSI, 6.68 and 6.67 g chmespectivel\j57], are
higher than that of the ASs host glassdgas2s3= 3.18 g cr) or crystallire orpiment AsSs (de-
as2s3= 3.46 g cr¥) [58]. The mean atomic voluntemains invariant for low Agl content, anly
exhibits a slight but gradual increase at high Agl fraction. The extrapolatigl toaction= 0.5

gives density and mean atomic volume values that correspond to the crystalline AgHgSI.

Figure 1.26. (a) Density andb) mean atomic volume of tHagl)o.so0.s(HgSh.505(AS:Ss)x alloys as a
function of the silver iodide content.
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1.5.5.c Thermal properties

Table 1.3|lists the characteristic temperatures for thedbes. A single giss transition is observed

for all the samples indicatirgghomogeneous glass nature on macroscopic and mesoscopic scale.

Figure 1.27|shows he evolution of;as a function of the Agl conterithe additionof Agl and

HgS in equimolar ratigHgS]/[Agl] = 1 to the host glass ASs causes an overall decreasen
from 199 °C x = 0.0001) to 122 °Cx(= 0.4) The absence of crystallization temperatuég,(
except forthe two glass compositionxs= 0.35( 6:= 251 °C) and 0.4 § = 240 °C), confirms that

these glasses are thermally stable; ¢6is very high(Table 1.3).

Table 1.3. Density @mean atomic voluméyandglass transition temperatur&j of the ternary glass
system(Agl)o.5x2(HgSh 5x2(AS2Ss)x.

Agl Fraction @ & 6(x£2) 6 (£2) 6
(g.cm®)  (cm®mol?Y) (°C) (°C) ¢

0 3.18(1) 198
0.0001 3.15(7) 15.58(7) 199
0.0003 3.15(8) 15.58(6) 200
0.001 3.15(6) 15.60(7) 198
0.003 3.17(4) 15.55(3) 190
0.01 3.20(5) 15.52(3) 188
0.02 3.22(6) 15.59(4) 184
0.05 3.36(4) 14.48(1) 173
0.1 3.56(6) 15.51(9) 161
0.15 3.78(6) 15.61(2) 152
0.2 4.05(3) 15.65(3) 144
0.25 4.35(1) 16.75(0) 138

0.35 5.10(1) 16.04(9) 128 251 123

0.4 5.57(2) 16.30(1) 122 240 118
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Figure 1.27. Evolution of the glass transition temperatugas a function of the Agl content for the |
series glasseAgl)o.sx2(HgSh.5x2(AS2:)x.

1.6 Conclusiors
In this first chapterthe physical and thermal characteristics of the glassy systgiisAs,Ssz (Y
= Br, 1), HgSGeS, Agl-HgSAs:Ssand AgtHgS GeS have been measured and analyzed.

We have first determined the vitreous domain for the different systemeswd silver halide
thioarsenate AgY )x(As2Ss)1x (Y = Br, 1) families revealquite extended glagerming regions:

Xmax " IRU WHlBsskd abkihay " IR U W-ddhtérp&tsSecondly we have studied

the density and thermal properties of the glasses. In terms of density, the results slhle that
change is monotoniwith the inaease of silver halide content, mainly relatedhi® densities of

silver halides in the glass compositions. The characteristic glass temperatures determined by DSC
have also been presented. The overall decrease of the glass transition temperatures with the
addition of the silver halide can be explairmBdthe fragmentation/depolymerization of the glass

network. Silver halide thioarsenate glasses exhibit t@joat intermediate and high silver

concentrations. This inhomogeneity is explained in terms of pdegsaration.

We have finalized the study of thegl-HgS-As:Ss system by studying théAgl)o.sx2(HgSh.s
x2(AsS2Sg)x series. The glas®rming region &tends up to 40 mol% Agl. The density increases
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monotonically with Agl contenaind the glasseare allhomogeneouss onlya single ; is

exhibited

We have carried out a study on novel chalcogenide glasses AglkitégS-GeS system. In this
study, silver iodide, one of the best cationic conductors, has been added to thdigagsi
(HgS)hs5(GeS)os matrix. Thethermal parameters and glassnfiang stabilitycriteria decrease as

Agl content increases.
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Chapter Il :

Conductivity of the glassy
systems: AHASSs, AgBE
AsS, HgSGeS, AgFHgSAS S
and AgtHgSGeS



II.1 Introduction

An ion-selective electrode sensor based on chalcogenide glasses must have a good electrical
conductivity in order to be able to measure the potential difference. This conductivity, whether it
is ionic and/or electronic, is generated by the muset of ions and/or the movement of electrons
respectively. Thus, it is not only important to know the conductivity of the material but also to
measure the contribution of ions and/or electrons to the total conductivity.

The principle of electrical condtion entails the migration of mobile charge carriers under the
influence of an electric field. Generally, the total electrical conductivigy s the set of partial
conductivities "Rzg' associated with each chargarrying species capable of moving within
homogeneous and isotropic sdlig, i.e.,
LI RPL I .cay (. 1)
Y Y
where “ds the charge, ds the concentration anéyis the mobility of the chargearrying species.

Indea, the partial conductivity corresponds to the charge caifiemwhich is defined by the

transport number-¢& i.e.,

! ;’CE (I1. 2)

Since all materials are mixed electrical conductors, then all the charge carroivsdae into two
subsets, one which contains the electronic charge carriers, and the other the ionic charge carriers.

The electronic "P;" and ionic " R" conductivities are grouped by the equation:

P+tPEP L :4E ~é (II. 3)

Furthermore, the materials for which=" is greater than 0.99 are considered to be purely ionic
conductors, while those with 4" greater than 0.99 are considered to be purely electronic

conductorg2].
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1I.1.1 Electronic conductivity

II.1.1.a Generalities
Before going deep in the transport properties of chalcogenide glassed) vegmi this chapter
by recalling some general notions about the electronic transport in disordered materials. The rules

determining the electronic properties of crystalline and amorphous solids are often very different.

Perfect crystals are the basig the development of the theory of sefithte physics, which
exploits in particular the translational invariance in their atomic networks. In fact, real crystalline
materials contain imperfections (such as impurities or dangling bonds at point defects or
microvoids), that we consider as a disorder of low amplitude and can be treated by improving/

adjusting/ complexifying the starting models.

In the case of disordered solids such as glasses, the invariance by translation, seen as a notion of
long-range ordg seems to be no longer the same; yet a certain notion of order, atrahge,
remanswelSUHVHQWHG 6R LWV QR ORQJHU SRVVLEOH WR GHY
Bloch waves to describe the electronic properties of the materialsressilg, the first question

related to electronic transport in disordered materials (liquid metals and semiconductors, glasses,
amorphous films produced by evaporation, sputtering or any other technique) is which of the
concepts appropriate to crystallir@ids can be used in narystalline materials. Mott and Davis

[3] have shown that the first concept, equally valid for both types of materials, is the electronic
density of state€ :' ;. In general, the available evite suggests that the:' ;form in a liquid

or noncrystalline solid does not differ greatly from that in the crystal, except for some details such

as localized states in the forbidden energy range or energy gap in semiconductors. Adflerson

gave a quantitativeriterion for electron IocalizatioEigure 1. 1{2). This localization results in an

exponential decrease of the wave function with distance. Physically, we can explain simply this
feature as follows: localizatioof a wave function would result from the sum of the destructive

interferences created by the elements of the surrounding di$8fder

GubanoV5] and then Banydb] suggested that near the edges of conduction or valence bands in
most noncrystalline materials the states are localized. The concept of localized states is very
simple; they arsimply 'traps’ for injected carriers. Moreover, at the bottom of a conduction band

or top of a valence band, such localized states must necessarily occur in a disordered material.

49



Figure II.1. (a) Potential wells form crystalline
lattice (b) Potential wells for the Anderson latti
The density of state®:' ;is also shown.

Figure 11.2. Form of the wavefunction in th
Anderson model: (b) the states are +hoealized
(extended); (d) strong localization.

Figure 11.3. Density of states in & Anderson
model when the states are HAooalized in the
center of the band. Localized states are sh

Figure II.4. Conductivities &, at T=0 K as ¢
function of ': the full line is dc electroni
conductivity é.s and the dashed line is {

shaded. ', ' 'y, separate the ranges of enel electronic conductivityés §fi ;.
where states are localized and +#ocalized
(extended).

In any noncrystalline material, localized and delocalized states cannotstaein same energy.

The electrical conductivity at a given energy levekexpressed in the KubBreenwood formula

[3], has the characteristic of being zero at T= 0 K for the localized states (because proportional to
therecovery of the waveform functions of the states to this energy), but not zero in the case of
delocalized states. As this conductivity can be both null anezaeom there must be an energy,
separating two domains: one in which all the states are localized and one that only includes

delocalized states. The energly,separating the delocalized states (high electronic mobility) and
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the localized states (low electronic mobility), fippinted out by Motf7] (Figure Il. 3), is called a

'mobility edge' by Cohen, Fritzsche and Ovshingy

For energies below the mobility edge, an electron moves by hopping. Its mobility at 0 K vanishes,

even though the wave functions of neighboring states overlap. As the energyst above' .,

' ', the FRQGXFWLYLW\ KDV D ILQLWH YDOXH FDQRpH& WKH pf
11.4).

Figure 1. 5. Plots of resistivity logévs. | Figure 1. 6. Density of states in amorphous Ronystalline
s 6 (éLs @& for values of 8 $| semiconductor: (a) model of Coh&nitscheOvshinsky[8],
increasing fom curves 1 to 4, wherg, | and (b) model of Mot{7] with states in the gap due
is a random potential in the Anders| dangling bonds acting as deep donors below accepter
model and$is the crystalline linewidth| and ' ,,are the energies separating localized and exte
see|Figure II.1f for details. Curve 3 VWDWHV LQ WKH YDOHQFH DQG FH
shows the value oéfor ' ;at ',,sothat = '+, 'oand ¢' 7L ', 'y are the bandwidths of localize
s é:6; for this curve isthe minimum| electronic states in the conduction and valdrareds.

metallic conductivity &, 4

For T > 0 K and electron excitation above the mobility edge, the electronic conductivity has an

exponential formFigure I1. 5):

8L &ust8F 'oF',; G@ (I1.4)

where ' , is the Fermi energy. The minimum metallic conductivity was calculated by [Vlott

&, 04l 107 +10°S. cm! depending on model parameters. Two most common models of amorphous

semiconductors are presente(Figure 1. 6| The CohefFritzscheOvshinsky mode[8] suggests

a pseudeayap fornon-crystalline materials when the localized states of the valence and conduction

bands are overlapping in the semiconductor band gap. In contrasf/Magsumes a real energy
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gap for amorphous semiconductors with' ;= 0 both above and below limiting energiesand
"o, Which correspontb highest localized electronic states in the valence band and lowest localized
electronic states in the conduction band. Electron excitation into localized stateslsad leads

to an exponential temperature dependence of the hopping conductivity:

L Gpaf3F:'-F',; G® (I1.5)

o
but the preexponential factor; , << PB4}, at least by a factor oy, 4 Pcq = 102 #4072 [3].

1I.1.1.b Case of chalcogenide glasses

Pure chalcogenide glasses, i.e. without metal, are electronic condydt®#¥5] and their
conductivity varies with increasing the atonmamber of the chalcogen element present in the
glass[16,17] This phenomenon, observed by Tanakaal. [14], show that the conductivity
increases due to the metal bonding appearing when passingtitm to selenium and then
tellurium. The electronic conductivity obtained at room temperature (298 K) for t&bhsary
system is very low (in the order of #dto 102 S.cm® depending on the composition). These
materials have electrical propert@sost identical to those of the insulating materials (dielectric
materials) [15]. The maximum conductivity value, recorded for the stoichiometrigSAs

composition, was %10% S.cm, which also shows a lower activation energy|bfl eV in [3].

Typical conductivities of some chalcogenide glasses are preseffglia I1. 7[3]. Replacing

sulfur by selenium in AsS; increases the conductivity up to 81@° ard to 2.510* S.cm! for
As;Tes. The corresponding activation energies were 0.7 and 0.3 eV, respefdttleRL7].

The addition of metallic elements such as thallium (Z = 8lthéoglass composition, further
increases of the glass electronic conductiyit§], except Tirich (> 17 at.%) vitreous alloys,
showing ionic conductivity19] £21]. Meanwhile, he addition of lighter elements such as lithium
(Z = 3)[22], silver (Z = 47)[23] or sodium ( Z = 23) enhances the ionic conductivity due to the

contibution of the mobile ions, hence the ionic transport phenomenon.
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Figure Il. 7. Variation of conductivity as a function of temperature for several chalcogenide glasses.

[1.1.2 lonic conductivity
The ion migration phenomenon in sidiforms the basis for a wide variety of electrochemical

applications, ranging from power generators and chemical sensors to ionic switchisspart,

we describe briefly the mechanisms of ion transport in crystals and glasses.

1I.1.2.a Mechanisms of ion transport in crystals

In solid electrolytes, ions are in perpetual random movement in all possible directions (Brownian
motion) from a lattice point to a vacancy or interstitial site, or from one interstitial site to another,
even in the absence of electricldieBy this random movement, the concentration of ions and
defects are rendered uniform throughout the solid, and this process is referred to as diffusion. When
an electric field is applied on the solid, the ions still randomly move about, but migraihakea

along the direction of the electric field manifesting as ionic conduction. Thus diffusion and
migration of ions via defects constitute the basic processes of ionic conduction in crystalline ionic
solids[24]. During diffusion and ionic conduction, ions move through the lattice via some jumping
process, a direct catieanion exchange is ruled out and the ion transport mediated through defects.
The ion transport is thus govexd by the jump probability of an ion into a defect and is hence

proportional to:
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i) The probability for the ion to jump into the defect in a given direction in unit time, which

is the jump frequency and,

il) The probability that a given site has a défec a nearest neighbor site, i.e., the product
of the number of nearest neighbor sites and the mole fraction of the defects.

11.1.2.b Mechanism of ion transport in glasses

Since its discovery in the T&entury[25], the ion transport in glasses has been widely studied in
order to understand the transport mechanisms and to find its potential applicatrahsoxide
glasseswvere more particuldy studied to understand the ion transport in glassy mat¢aé]st
[28].

For tempeatures lower than th€; the conductivity obeys the classical Arrhenius law:
€:'"é6 LE&IFSF' 5 GoBa (11.6)
When only one type of carriers is concerned:
éL <m&a (1.7)
where n ighe concentration of mobile ions; Ahe charge number andithe mobility).
The mobility can be obtained from the diffusion coefficient using the N&instein equation:

AGE <A& (11.8)

In the case of models involvingdependent jumps of the carriers:

&L Ué6é4ATLFEa (11.9)

where Uis the degree of freedondithe average jump distancé,the attempt frequency of the

ions and' 5 the migration energy. Froiaqgs|(ll.8)(and(11.9)

usta, <A s
Y alla. Day\ FY L
al—3Gs LFS®

(11.10)

54



The most general expression of the concentration of mobile carriers will be:

< Y. (11.12)
JL o4fps.|:G6

where 0,4is the total number of the modifier cations angthe energy related to the creation of
mobile carriers. Combining ETGI.?) (.20 jland(11.11)

L <ASUE30, .. '3 E'e (1.12)
éL G 1S1F GGp

Therefore, one obtains HE(l.6)|. The measured activation enerfyis the sum of two terms, the

creation energy of mobile carrietg(directly linked to J) and the migration energy of the ions
" 3 (directly linked to §.

Whetherdor JFRQWULEXWHY PDLQO\ WR WKH YDJdrDMbntRIEpE RI 1 GF
mainly to these variations. Thus, a number of theories have been proposed to determine which of
the two parameters influences most the conductivity.

1. The strong electrolyte theory
This model, proposed ih954and calledk The AndersofStuart modeb [29], assumed that the
charge carriers effective density is independent of ion concentration or temperature, while the

charge carriers mobility varies as a functionh&fse parameters.

According to this model, the activation enekgys the result of two contributions: an electrostatic
force which accounts for the ™MD binding energyE, and the strain enerdys, arising from the

elastic bending of the glass when the ion passes through.

‘oL '6E" (1.13)

s <<, M <<, M
o L_A f F
U NEN

E vé) N,:NF N, q (11.14)

~

aat

where Us a covalency parametex,and Nare the charge and the radius éfion, is the jump

distance,Ns the cation radiusly,is the doorways radius andis the elastic modu&i This model
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has explained the variation of activation energy as a function of composition in alkali silicate
glasses.

2. The weak electrolyte theory
Ravaine and Souquet proposed this model in 1807 It postulates that; is independent of the
ionic concentration and has a low temperature dependencenvtigpends strongly on the two
parameters at once. It is suggested that there are two distinct populations of ions: the mobile
population and the immobile populatiorhélconcentration of the mobile ionds one of the key
parameters to control the ioAtonductivity magnitude of ionic/superionic solids. The weak
electrolytesignifiesa situation in which the number of free ions is relatively smaller than it should
be.According to the weak electrolyte theory, the free ions are the mobile population, while the
rest of the ions belong to the category of immobile population. Meanwhile, the immobile ions can
begin to move in the vitreous electrolytic system if an energivabgnt to the activation energy
is present. In the simple case of glasses obtained by dissolving a modifier e€ide dMnetwork

forming oxide, the dissociation equation of the dissolved oxide can be written as:

lgl™[”>E/L? (11.15)

M™ ions originally belong to the immobile population. From the dissociation reaction, the non
bridging oxide ions are created. Correlating the ionic conductivity and the thermodynamic activity,
Ravaine and Souquet observed a significacrease in conductivity for a number of silicased
glasses based, resulting in the increase of th@ dttivity. On the basis of this hypothesis, the

activation energy can be written as:

, &* \ (11.16)

where ¢* is the enthalpy of the dissociation reactiog,is the«true» activation energy involved

in the ion transport. In this case, the conductivity is mainly due to the dissociation ¢ roobj

A
hence—6 ° 4.

II.1.2.c lon transport in chalcogenide glasses
The investigation of ion transport in glasses is a topic of interest to link together structure and

electrical properties in glasses.
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Dopant content

To improve the ionic conductivitythe classical idea is to dissolve a salt in the-gtats. The
dissolved salts are generally alkaline or silver halidé;:50 mol% of halide can be introduced
in a glasg23], [31], [32] The cation, alkali orilver ion, will be responsible for the conduction in
this glasq31], [33]. For example, in the case of silver halide doped glasses, theoAducivity
reaches a limiting value of about 1 S mhatever the host glass ugead]. Two assumptions were
VXJIHVWHG WR H[SODLQ WKLV -EgHire¢domRaing34], [38]HiiHHe VW H Q F
migration of Ag by sinple rotation around the iodide anions when thens come close together
at high silver conterjR3]. The second assumption is more consistent with an activation energy of
H9 PXFK ODUJHWBMOKD&Y)WKDW R

In systems such d&gX)x(As:Se&)1.x (X = |, Br, Cl) [36], [37], LiPCs-LiX (X =1, Br, Cl), and
AgX-AgPGs (X =1, Br, CI)[38], the conductivity increases with increasing the radius of the ionic
halide. In these later, i.e. glasses based on Agih® Raman spectra do not show any significant
changes with the variation of composition; the structure of the glass remains unclvhitgele
halides do not fit in the polyphosphate chains but constitutsudnetworks> in the glassy matrix

[39]. This causes the appearance of two types 6fidws of different mobility:

x Ag"ions of the vitreous support coordinated with the oxygen and halogen atoms;
x Ag"'ions whose environment consists only of the halogen atoms with a coordination close
to that othe Ag LQ WKH FUAYWDOOLQH
Ag" ions of the second type are more mobile than those of the first type. Therefore, this insures a
conduction following a mechanism comparable to that proposed for the crystalline components

containing Agl[39].

lon transport over a wide compaosition range

It is indispensable to start first by summarizing stdtéhe-art of ion transport tadies in
chalcogenide glassy systems over a wide composition range in order to emphasize the established

facts and open questions.

One of the first reports dealing with conductivity studies over a wide composition range in mobile

cation content was devatdo NaS-B>Ss glasseq40]. Nevertheless, the most studied systems

57



appear to be silver sulfide and silver selenide vitreous alloys since they have excellent chemical
stability and suitablé!®"Ag and!%®"Ag tracers for longerm diffusion experiments. Conductivity

and trace diffusion studies of silver and copper chalcogenide glasses over 3 to 5 orders of
magnitude in Ag/Cu conteft1] £43] have shown two drastically different iaramsport regimes
above the percolation threshold & | 30 ppm: (i) critical percolation, and (ii) modifieontrolled

ion motion, Figure 11.8. Thecritical percolation transport was shown to be closely related to the
connectivity of the glassy hoetflected by the average coordination numB&rAThe nature of
mobile species (Agor CuU" cations), the chemical form of dopants (halides or chalcogenides) or
of the host matrix (sulfide or selenide) appear to be much less important in a remaské#ialst

to the modifiercontrolled regime. However, the effect of the dopant chemical form has not been
studied in details since the majority of the published results were related to selenide glassy systems
[42] 444] having the enhanced electronic conductivity, mostlp-tfpe, éz> 1012 S cm?, and
masking the ionic transport at low cation contéf,0.3 at.% or 100y The most extended mobile
cation concentration range was studied in silver thevaate system A§As:Sg, from 4 ppm to

33.3 at.% Ad45], [46]. Vitreous arsenic sulfide host A3 has very low electronic conductivity,

éz| 2 U0 S cm! at room temperatuif@], allowing the reliable ionic conductivity measurements

of extremely diluted glasses to be compared WitRAg tracer diffusion result§45], [46]. We

have chosen glassy #% for silver halide AgY (Y = Br, I) doping to verify wheth chemically
different silver compounds will induce similar or contrasting” A@n transport in the critical
percolation and modifiecontrolled domains. We did not expect any surprises for glasses with
high silver content since the widely accepted viewppredicts an increase of ionic conductivity

going from sulfide to halideséc ¢ voeqw < €cerpeqw < Eceneqw- The Open question was

what happens for diluted or extremely diluted vitreous alloys.

58



Figure 1l. 8. Diffusion activation energy  plotted as a funain of silver concentration for the qua:s
binary AgS #s,Ss glasses.

[1.1.2.c.1 Critical percolation regime in Agion-conducting glasses
It was shown earligd1], [45], [46] that the ionic conductivity and tracer diffusion coefficient in
the critical percolation domainTg 2 T 1 8 at% Ag) follow simple powedlaw dependencies as

a function of the mobile ion contextaind temperaturé

8;Té; L &5sé,; T4 (I.17)
&:Té6; L &:s86;T 1754 (11.18)

with the temperature dependent powaexr exponentP. 6; can be written as

P6; L B E 6,064 (I1.19)

where &;s&; and & :s&; are the ionic conductivity and tracer diffois coefficient,

respectivelypf a hypotheticatontrolled phase at=1, Ris the critical exponent aé= ' and
6,is the critical fictive temperature whichflects the interconnectivity of the infinite percolation

clusters The conductiuy or diffusion activation energy, : T;, also shows a dependence 6n

59



"IT, L "4 F G HITRTy a (1.20)
where ' 4is the activation energy at the percolation threshiydnd H JTaTs; is the term related

to the number of conduction pathways frozen bekpw

A structural hypothesig7] suggests the following simple pattern. (1) A&t Tg the majority of

silver ions reside in isolated domains. These domains are the allowed volumes of ti&lgjlass
[42] of 30 to 50 A in diameter defined by local mesquare displacements of Agns [48].
Consequently, the glass belolgbehaves as an electronic insulator. (2) In thécatipercolation
region above the percolation thresholg,” T” |1000Tg the previously isolated allowed volumes
containing Ag ions become connected forming infinite percolation clusters embedded in an
insulating glassy host. The percolatiee transport depends on the number and interconnectivity
of infinite percolation clusters. The latter is related to the connectivity of the host matrix reflected

by the average coordination number
A,AL AgTe0oy (1.20)

where Tgand Oy are the atomic fraction and the local coordination number of spéiethe
glassy hostThe average coordination numbér, Aappears to be a key factor determining the

critical fictive temperature6,, derival either from the conductivity and/or diffusion isotherms,

Eqs|(11. 17)}(11.19)] or from the sloped ': T; 6 Z < Eq/(Il.20)] A simple relationship was found

between theritical fictive temperatures, and A , A
6 B A AFta (11.22)

indicating that percolative transport is absent for chain struct@es,0 at /& ,A= 2, which is

identical to the classical modé&l$!stating he absence of percolation for 1D networks.

The Haven ratio* ¢ is an important parameter, reflecting correlation effects in ionic motion and
defined a$49]

w2 (1.23)

where &Uis the tracer diffusion coefficient an& o the conductivity dfusion coefficient,

calculated from the ionic conductivitgusing the NernsEinstein relation
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Plo (11.24)

0 L g’
where V /5 the charge of the mobile cation aiiids concentration.

The Haven ratio in the critical percolation regime decreases monotonically with increasing

decreasing the Ad\g interatomic separation distanég o g [41] £43]

*o | s F284%6 (11.25)

The observed change from uncorrelated ionic migratfges 1 in the Ag dilution limit: M g e

A’ WR D FRUUHODWH GO.B)Rs@pdstPaRavdom@istribution ofbibe cations

when the AgAg separation distance is a hyperbolic functiorTof

. 507
Eiap 4 (11.26)

u
Meeel t 'TéooT

where &is the mean atomic volume arf®d WKH $YRJDGURTV QXPEHdJds of, QWHUL]

Ag" cations, increasing with decreasife g . led to correlation effects in the ionic diffusion.

It was also suggested that neither the nature of mobile catiofnsi(&g) nor the dopant chemical

form (metal halide or chalcogenide) playy amportant role in the critical percolation, as well as

the chemical form of the host matrix. This hypothesis has not been checked in details since the
majority of the studied glasses in the critical percolation domain having identical average
coordinatia of the glassy host&, A= 2.40, belong to selenide systems: AgbSe;, CuFAs;Se;,
CwSeAs;Se; [42] 444]. The only exception was the silver thioarsenate familySA&s,Ss[45].
Enhanced-type electronic conductivity of selele glassef3] is masking the ionic contribution

at low T A complete set of tracer diffusion measurements was also hardly to be realized since the
short halflife of the ®*Cu tracer |]. = 12.7 hours) restricts serisly the duration of diffusion
anneals and the accessible diffusion coefficients. The best solution to verify the conductivity
invariance in the critical percolation domain is to work with silver halide thioarsenate systems
AgY-As:Ss (Y = Br, I).
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[1.1.2.c.2 Modifier-controlled ion transport
At higher silver content, the conductivity isotherm at 298 K reveals a positive deviation from the
hypothetical percolation controlled reginiEhe conductivity isotherms are thought to obey an

exponential law in this region:

8T L &ir; A% (11.27)

this exponential increase in the ionic conductivity assumes a stlisghtehavior on a semi
logarithmic scale and was often observed by many investigat@jr453]. In some cases, at higher
silver or alkali content, saturation effects were obs®{28], [54], [55] Souque{56] analyzed
thistype of behavior in terms of the wealectrolyte theory30].

It is suggested that the ionic conductivity is no longer caused by percolation. In this modifier
controlled domain far away from the percolation thresikadd x, the once isolatedlger clusters

are now predominant covering the whole glass volume and forming the preferential conduction
pathways. Hence, the ion transport parameters are no longer dependent on the host matrix

structural organization but depend mostly on the connegctifithe catiorrelated network.

After presenting the different particularities at low and high Ag concentrations -dopgd
chalcogenide glasses, we would like to check whether different chemical form#Augpyth&s,Ss

(Y = Br, ) glassebehave identidby or differently in the two regimes.

[1.2 Electrical measurements

11.2.1 Impedance spectroscopy
Impedance spectroscopy is a technique that allows the measurement of the total conductivity of a
sample, i.e. both ionic and electronic conductivities. The methoasisdbon the variation of the

imaginary part of the impedance of the sample and its real part as a function of frequency.

II.2.1.a Principle
When one applies an alternating voltageo a sample, an alternating currefthich is out of

phase with respect to the voltage, will be created.

7L7 £3'ERP (11.28)

62



+L, ¥SEAPET,; (11.29)

7 and , are the amplitudes of thaltage and currentfi is the angular frequency ardis the

phase difference between current and voltage.

The electrical impedance:fi; of a circuit element (here the sample studied is between the two

electrodes) is the ratio between the alternatwitage and the resulting current:

<hi L~ (11.30)
+

Combining the equatiof($l. 28)[and(ll.29)| we can write:

<A, L—13'FETL < ..'PFE<e<q (11.32)

<fi: L <"F B<6 (11.32)

The real component of the complex impedancBL < ...'* LV FDOOHG 3HIIHFWLYH U
while the imaginary componeng6L < e<+, is known under the naitd R1 SUHDFWDQFH"
plot of the impedance vectdrLQ WKH FRPSOH[ SODQH EDVHG RQ WKH IUHT:
curve ofthe system studiggFigure 11.9). If several impedance& are in series, the total impedance

Z will be the sum of the impedaes such that= k=

Figure II. 9. Real (Z') and imaginary (Z") part of the impedance vector in the complex plane.
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11.2.1.b Typical example of impedance spectrum

A typical spectrum of complex impedan@® € f (Z')) obtained at dierent temperatures is shown

in|Figure 1. 10| This type of diagram is called Cetole plot.

Figure II. 10. (a) Complex impedance spectrumoE( FHOO & YV = FH Gabplekobtairedd D VRO
DW GLIITIHUHQW WHPSHUDWXUHV E $SUUKHQLXV SORW ORJ 1 VYV

These curves, in the form of a semicircle, are used to determine the resistdribe material as

a function of the temperature. The totanductivity values 1 are then obtained using the

relationshipé LE H—f where—iA is the geometrical factor of the sample=(thickness,5= surface).

Finally, the values obtained are plotted according to the funcied; L B:—I,5 ;.

1I.2.1.c Impedance measurements

The impedance measurements were performed using an impedance meter whose frequency range
extends from 100 Hz to 15 MHz. The conductivity cell used is showigure I1.11. In the cell,

the sample is positioned between a conglaaiod and a copper plate which is itself connected to

a further rod. The absence of pressure on the sample allows us to avoid the variations related to
the geometric factor when approaching the glass transition temperature. Gold was deposited on
each fae of the sample to establish the blocking electrodes in the electrochemical cell, Au/glass

/Au. The temperature measurement is provided by a thermocouple placed near the sample.
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Figure 1l. 11. Conductivity cell used during cgatex impedance measurements.

11.2.2 DC conductivity measurement
The conductivity measurements were performed using a Hewlett Packard 4339B high resistivity
meter with a continuous current source (or voltage) and an applied voltage of 100 Volts. These

measurementapply Ohm's Law:

6L +HH7 H5 (11.33)

where Hs the length of the sampléis the surface of its crosction, 7 is the voltage andHs
the current. The temperature was monitored using a thermocouple with an acctthéZoThe
WHPSHUDWXUH UDQJH XVHG UDQJHV IURP WR A f& GHS

the maximum temperature is below tGgof the glasses.

11.2.3 Sample preparation
The quenched samples were cut as rectangular plates and polishedilicsingcarbide SiC
SRZGHU JUDLQ VL]H 7KH VDPSOH VLGHV ZHUH JURXQZC

opposite sides. The typical thickness of the samples was in the range of 1 to 5 mm.
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11.3 Experimental results

11.3.1 Conductivity of the binary glassy systems

11.3.1.a AgY-AS (Y = Br, I) binary system

Typical ColeCole impedance plots, at various temperatures (25, 50, and 75 °C), are displayed for

both (a) AgBr As;Ss (x = 0.5) and (b) AglAs2Ss (x = 0.3) glasses, respectivdlyigure 1. 12{(a)

&|Figure 11. 12|(b)). The room temperature plot shows, in both cases, an almostiselmattached

to a polarizationtail. The semicircle, related to electroniconduction in glasses, decreases

progressively with (a) increasing temperature due to the decrease of the sample resistance and (b)

with increasingx (Figure 1. 12|(a), inset) indicating an enhancement of iordonduction due to

increase of mobd ion concentration. Thpolarization in the lowrequency,at the glass/Au
electrode interface, is related to diffusidependent transport phenomena in the materials, and

hence indication of ionic character.

Figure 1. 12. Nyquist plot of impedance of (a) (AgR{AS2Ss)1.x for x DW D QGx=018 &nd
0.7 at 25 °C and (b) (AgAs2Ss)1.x for x= 0.3 at 25, 75 and 115 °C

[1.3.1.a.1 Electric transport
Typical conductivity temperature dependescior the AgQY¥YAs>Sz (Y = Br or |) glasses are shown

in|Figure I1. 13} The total electrical conductivityg determined either by the complex impedance

method @ « S cm?) or from the @ Gonductivity meas@ments € ©° 8 S cm?), does not

show any significant hysteresis and obeys the Arrhenius law
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eL— 183G (11.34)
where &, is the conductivity pr@xponential factor, gthe activation energyGthe Boltzmann

constant andbthe temperature.

Figure Il. 13. Temperature dependences of the total electrical conductity the quasbinary (a)
(AgBINx(As:S3)1.x and (b)(Agl)x(As:Ss)1x glass systems. The numbenslicate the AgY molar fractiol
X.

The room temperature conductivigs - . &,and ' gwere calculated from a leastjuare fit of the

data to E((Il.34)| The results are summarizadTable Il.1 andTable I11.2 and $iown inFigure

Il. 14andFigure 11.15. The roomtemperature conductivitjFigure II. 14) increases by8lL3 orders

of magnitude with increasing silver halide content fromvidleies which are typical for insulating
sulfide glassesl0*® S cm?) [3] to those characteristic of superionic vitreous alloys®(@@n?)
[57], [58]. The maximum roortemperature conductivity is 1603 S cm! for the AgBErich
glassesx = 0.6, T= 18.75 afb Ag) and 1.7uL03 S cm?* for the Agkrich alloys containing 10.53
at% Ag (x=0.4).
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Table II. 1. Electric characteristics of the glass system (AgB©8>Ss)1-x.

X [Ag] (at.%) Ngooy( €) Z ' Bg-{Scmt) 'HeV) Z ' Ba(S cm' K)
104 0.002 109.0 -14.13 1.005 5.3
3x10* 0.006 75.5 -13.50 0.950 5.0
103 0.020 50.5 -12.98 0.923 5.1
3x10° 0.060 35.0 -12.59 0.921 54
0.01 0.201 23.3 -12.13 0.898 55
0.02 0.405 18.5 -11.87 0.888 5.6
0.06 1.031 13.5 -11.28 0.850 5.6
0.10 2.128 10.6 -10.59 0.799 54
0.15 3.297 9.2 -9.60 0.744 54
0.20 4.545 8.2 -9.11 0.703 5.2
0.25 5.882 7.5 -7.54 0.561 4.4
0.30 7.317 7.0 -5.76 0.426 3.9
0.35 8.861 6.6 -4.96 0.403 4.3
0.40 10.53 6.2 -3.90 0.338 4.3
0.45 12.33 5.9 -3.56 0.318 4.3
0.50 14.29 5.6 -3.30 0.318 4.6
0.60 18.75 51 -2.80 0.255 4.0

Table Il. 2. Electric characteristics of the glass system (A§8:Ss)1-x.

X [Ag] (at.%) Ngsoy( €) 7' Bg-{Scmb) 'peV) Z'B(ScmK)
104 0.002 92.2 -13.78 0.986 54
3x10* 0.006 63.9 -13.34 0.938 5.0
103 0.020 42.8 -13.08 0.947 54
3x10°3 0.060 29.6 -12.70 0.892 4.8
0.01 0.201 19.8 -12.45 0.917 55
0.02 0.405 15.6 -11.98 0.866 51
0.05 1.031 115 -11.64 0.837 6.0
0.10 2.128 9.0 -11.43 0.849 54
0.15 3.297 7.8 -9.49 0.460 0.7
0.20 4.545 7.0 -9.17 0.457 1.0
0.25 5.882 6.4 -8.03 0.326 0.0
0.30 7.317 6.0 -3.60 0.253 3.2
0.35 8.861 5.6 -3.09 0.200 2.8
0.40 10.53 5.3 -2.77 0.208 3.2
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Figure II. 14. (a) Roomtemperature conductivity of’( orange) AgB1As,S; and (7, brown) AgtAs;Ss

glasses plotted on a sefogarithmic scale, and (b) conductivity isotherms of silver halide thioarse
glasses at (", solid circles) 298 K and\(v, solid squares) 373 K plotted on a-og scale. The sali

lines represent a leastjuare fit of the experimental data points in the critical percolation domain 1
(11.17)| the thin short dashed lines show hypothetical conductivity data beyond the percolation ¢
the bold dashed lines in the modifmntrolled domain are drawn as a guide to the eye. An approx
composition region of phaseparated glasses is highlighted in red.

This enormous change in conductivity is accompanied by a drastic decreaseaofitagon

energy from 1.0 to 0.2 elFjgure II. 15(a). In contrast, the prexponential factorh in both systems
remains rather invariant up to 4 at.% Ag (Ag88:Ss) or 2 at.% Ag (AgAS:Ss), b | 2ULC°S cm
1K, and then drops tg 2 uL0* S cm? K for AgBr-rich glasses or td10° S cm! K for their Agl

counterpartsgfigure Il. 15(b). We should also note that phessparated glasses in the ASs

V\VWHP x” " are characterized by unusually low valuesipf 1 +10 S cmt K. In
addition, the phasseparated glasses in the two systems shownmmmotonic changes at
LQWHUPHGLDWH VLOYHU BRN F I @ We, RAMKL F@uve 11.1 4 andFigure

I1.15
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Figure 1. 15. (a) Conductivity activation energysand (b) conductivity prexponential factoré, of ( ”,
orange) AgBrAs;S; and (7, brown) AgtAs;S; glasses. The solid line represents a leagstare fit of the
" pexperimental data points in the critical percolation domain tifIEB0)

Figure 11.13-15 clearly show two drastically different composition tenin conductivity
parameters: (i) the critical percolation below 2 at.% Ag, and (ii) the modifietrolled regime at
higher silver contentT> 7-10 at.% Ag. The exact starting concentration of the moetfatrolled

domain is difficult to establishdzause of phasseparation.

[1.3.1.a.1.1 Critical percolation domain,Tp< T” DW $J
The conductivity isotherms of Ag®s>Ss glasses at 298 and 373 K are consistent with the

expected critical percolation behavior, revealing the pdawrcomposition dependees, Eq.

(11.17)] over 3 orders of magnitude in silver contérdnd two orders of magnitude i@&igure

I1.14(b). The critical exponenP 6; decreases with increasing temperature in accordance with Eq.

(.29 Pt{z ;= 0.92r0.06 and Puyu; = 0.75r0.05. The conductivity activation energy

follows Eq/(ll.20)|and shows a linear decrease 'q§: T; on a logarithmic concentration scale,

Figure Il. 15a). However, the most important result the conductivity study is ahemically

invariant critical percolation since the conductivity parameters of Agp¥Ss (this work) and
Ag>S-As:Ss (Ref. [41]) glasses appear to be identical within experimental uncertainty. The

maximum conductivity difference between the three systems does not ext8ed * Byunits.
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This conductivity invariance indicates also that the measured electrical conductivity in the AgY
As;S; glasses is essentially ionic as it was verified for theSAs,Ss system using!°™Ag tracer
[46]. Nevertleless, we are planning silver tracer diffusion measurements to validate this

conclusion and to study correlation effects of ionic transport.

Figure 11.16 shows the average values of the critical exponBréi; calculated for these three

thioarsenate families and plotted as a function of reciprocal temperature. A perfect fit of the

experimental data pointe Eq|(ll.19)|is observed withR #0 as for other chalcogenide sysg&em

[41] 444]. The derived average critical temperatie= 264r4 K appears to be very similar to

that calculated from a: T; using Eq|(1l.20){ 6,=254r23 K. The individual critical temperatures

for each thioarsenate as wal selenoarsenate family withl, A= 2.40 are mutually consistent

with these average values and follow the host connectivity(|E2R)| Figure II. 17.

Figure I1.16. Average values of theritdcal Figure 1l.17. Critical fictive temmrature 6,
exponent= ;calculated for Ag¥and AgS-As,Ss plotted as a function of the average lo
glasses ax ” DW $J DQG SORW coordination numberdl, fof the host matrix for ¢

of reciprocal temperature. The derivégland 6, number of chalcogenide and chalcohalide glas
parameters are also shown. All data points, except for AgAsSs (this work),

were taken from ref43].

11.3.1.a.1.2 Modifier-controlled region,T> 7-10 at.% Ag
The ionic conductivity diverges from chemicallwariant behavior in the modifierontrolled
domain at higherT Figure II. 18 showsthe roomtemperature conductivity isotherms of the
investigated silver halide thioarsenate glasses aneir tselenoarsenate AgXs:Se,

telluroarsenate AghRs:Tez and thioantimonate Ag¥ShSs counterpartd36], [37], [43], [59],
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[60], as well as of Agh-As>Ss vitreous alloyqg45], [46]. Most of the data were only obtained in
the modifiercontrolled domain because of enhanced electronic conductivity of selenide and
especially telluride glasses. In the Ay$,Tes system, we have used the ion transport numbers

R s, obtained from a combined conductivity ai8"Ag tracer diffusion study59], to calculate

the ionic conductivity up to 0.3 at.% Ag.

As expected, the modifigrontrolled ionic conductivity varies strongly when changing the
chemical form of silver gaching 4 orders of magnitude betweel o weqw:T; and

€ eneqw - T The nature of halide species also appears to be important; substitution of AgCI by
AgBr increases the ionic conductivity by a factor of 4 to 30. The AgBr/Aghge is accompanied

by further increase ing; Beemmarls EEerpimgrls $ FOHDU HIIHFW LV R
changing the chalcogeréccaeqw T P €eeneqwe: To > Eceneqxg- Vitreous silver halide

thioantimonates are also less conducting than their thioarsenate counterparts.

The ionic conductivity increases exponentially at intermediate silver concentr&tig(is$. 27)

Nevertheless, one observes a saturation trend at highand the roomtemperature ionic
conductivity seems to be limited b§ - .| 102 S cm®. This or similar conductivity level was
reached afl | 10 at.% Ag for AglAs;Ss, T | 20 at.% Ag for AglAs:Se;, and T | 30 at.% Ag for
Agl-As>Tes glasses.

Thephaseseparated glasses exhibit a roanotonic behavior at intermediate concentratiansl

here the question arises regarding the change of slope in this region. The first hypothesis suggests
that it could be related to phaseparation as has been evided by the SEM (to be presented in

chapter 3) and DSC measurements. For low silver concentrdtions’x * ), the Agpoor

phase is the dominant phase and theridly phase appears in the form of spherical droplets.
However, for high silver concentrations { WKH VLWXDWLRQ FKD@igHV GUDV'
phase becomes the dominant phageverthelessthe homogenous vitreous alloys, i.e., Agl

As;Se; or Agl-As Tes, reveal smooth conductivity isotherj®¥], [59]; they present a change in
VORSH EXW LWV PXFK VPRRWKHU 6R LQ WKLV Frielstéd LV LW
subnetwork.
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Figure Il. 18. Roomtemperature ionic conductivity isotherms of Ag6:;S; (Y = Br, ) (this work),
AgY-AsxX3 (Y =Cl, Br, I; X = Se, Te]36], [37], [59], AgY-ShS; (Y = ClI, Br, 1) [60] and AgS-As>Ss

glassed45], [46]; (a) a linear concentration scale, (b) a-log plot. The bold green solid line shov
chemicallyinvariant poweilaw composition dependence é§_T; Eq for three families of
silver thioarsenate glasses in the critical percolation domain. The mamifieolled domain i<
highlighted in light blue.

The preliminary analysis of the diffréa@h data reveals the presencemixed cationrelated
structural units. As a fact of matter, this scenario is reinforced with the present studies on the
structures of silver (I) halide and copper (I) halide coordination polyitdris [62]. These
compounds are built up of different AgX or CuX substructures (X = Cl, Bydh as 4and 6
membered rings, or single and double chains, which are connected iRfavameor three
dimensional coordination polymers by theddNnor ligandg62]. In fact, the situation changes
systematically; for example, at low AgBr contente Ag andBr atoms form coplanar (AgByr)
dimers that are connected by the ethylenediamine ligands Yial-foordination into corrugated

layers(Figure 11.19) [61]. Whereas, for rich AgBr compounds, a 3D AgBr substructure forms

consisting of helical AgBr chains connected by peripherafkgontacts into a 3D network that
contains large channe[§1]. Yet, for the moment it is not possible to estimate theAfg
correlations in ar glasses, i.e., the existence of edbaring or cornersharing units, forming 1D

chains, 2D sheets or tunnels, etc., in the glass network. This enigma is clarified in Chapter 3.
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Basically, we can deduce two conclusions from the presence of mixedrented tetrahedral
structures. (i) The silver ion distribution in the glass network is no longer randomglAg
chalcogenide and oxide glassggs] 468] reported experimental A§g correlations values,
rsiis¥P= 34 A, that are far below the expected-Ag random correlations valuess j i s7"%°™

= 6-7 A. (ii) The silverrelated motifs form preferential conduction pathways ensuring high Ag
mobility in the glass. In other words, the ion transport charatics are directly related to specific
structural parameters,sjisand Nsiisg Bychkov et al [69] reported differeniNsjisivalues
between AgAs-S Nssis~ 2.0R.5) and AgAs-Se Nsuis~ 2.7-3.1) glasses and suggested that
the quas2D conduction pathways in the sulfide case is responsible for the enhantéshAg

transport.

Finally, the situation has turned out to defollows: the transport characteristics AgQyY -As>Ss
(Y = Br, 1) glasses appear to be similar in the percolation domain with close valuesoft

different in the modifieicontrolled one.

Figure 11.19. Crystal structures of the (a) 1:1 and (b) 2:1 AgBr hybrid coordination pol
poly[(AgBr)( --enr1 19 @ ZdowoKlighnd (ethylenediamine).

11.3.1.b HgS GeS binary system

Typical temperature dependencies of deeconductivity for the HgS5eS glasses are shown in

Figure II. 20| They do not show any sigréfint hysteresis and obey the Arrhenius (Bey](11.34).

The results are listed Table 11.3 and displayed ifrigure 11.21.
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Table Il. 3. Conductivity parameters for the HgEeS glassesthe roomtemperature conductivitylf - «
the activation energy , and the prexponential factorls.

X [Hg] (at.%) ltos (S cm?) 'o(eV) K(S cm* K)
0.0 0.00 6.61U.015 0.910(5) 6.92uL0°
0.1 3.45 4.01U0® 0.805(8) 4.77U0
0.2 7.14 7.06W0% 0.729(13) 4.36U0
0.3 11.11 1.42u03 0.773(11) 4.91UQ?
0.4 15.39 2.42u0 0.8736) 4.10uC
0.5 20.00 4.50U0% 0.9646) 2.50u0

Uncertainties in the last digit(s) of the parameter are given in parentheses.

Both &, T&; temperaturedependencekigure 11.20, and the conductivity isotherng; - 2T,
Figure 11.21(a), show that the mercury thiogermanate glasses are electronic insulatot§;3.5

€-<T, 7 7.0U0%° S cm?, with a maximumat thex = 0.2 composition. The change in

conductivity activation energyigure 1. 21{b), upon the addition of HgS to the Gdtst glass is

rather small,"Ev= 0.21 eV. The extremity compositions= 0.0 andx = 0.5, gives a mean
activation energy value od0.94 eV with a minimum value of 0.73 eV at the 0.2 composition.

In a similar manner, a minimum for the geponential factoré, is present around the= 0.2
composition and thé&, values ranges between?hd 16 S cm! K, indicating that the electronic
transport in th€HgS)x(GeS)1x glasses involves the extended electronic statéilseiiop of the
valence band and/dhe bottom of the conduction bafl. The nhommonotonic changes of the
conductivity parameters, as a function of the mercury sulfide comtemtth a maximum

(& =)Yminimum E\) atx 8.2, is probably structure dependent. Similar changes of conductivity
parametersvereobserved for both room temperatugg- - T;and ' values in the thiogermanate
glassy systen{fPb9x(GeS)3:(GeS)o.7, but not forthe &, values(Figure II.21). Although the

optical gap of the semiconducting lead sulfidg® 0.3 eV) is narrow compared to the wide gaps

of the electronic insulators GeS & 1.58 eV) and GeS ' = 3.2 eV), the conductivity in the
thiogermanate glasses does not exhibit continuous changes as reported earlier for the thioarsenate
PbSAs>Ss glasses where the changes were mono{@@ic£72]. A norrmonotonic behavior was

also seen in the mercury thioarsen&tgS)x(As2Ss)1-xglasses, 0.0 x ” 0.5. The wo composition

domains below (region 1) and above (region 2)xh&0.3 thresholdvas attributed to the HgS

dimorphism and the dual structural role of mercury in the glajgsds The crystalline HgS
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presents two polymorphic forms; the red cinnab&tgS (2fold coordinated mercury, ;= 2.0
eV) [74] and the black metacinnabaiHgS (4fold coordinated mercury, ;= 0.5 eV)[74]. In

mercurypoor glasses (region %,< xo, fraction of 4fold coordinated mercurfug*™ 0.1), the
HgSwa units seem to be distributed randomly in the hybridiSighain/AsSS pyramidal network

and do not affect structural, thermal, or electronic properties. An agglomerated mixed
(HgS22)m(HgSy4)m -subnetwork is formed in HgBch vitreous alloys (region ,> X, fraction of

4-fold coordinated mercurfug*™ > 0.1), leading to a fragmentation of the host network, reduced

thermal stability and crystallization, as well as changes in electronic properties.

Figure 11.20. Temperature dependences of the total electrical conduct®&ifiyr the quasbinary
(HgS)«(GeS)1x glass system. The numbers indicate the HgS molar fraction

The fact that the change is monotonic for As3Ss and normonotonic for PbS5eSGeS
suggestshat the origin of change in electrical properties of HBES glasses is not related to HgS
dimorphism; PbS is not polymorph, yet different electronic behavior is seen when different host
glasses are involved. The electronic changes are probably related to modification of the
thiogermanate Ge$host matrixitself. HgS additions leads tchanges in the molar ratio Ge/S of

the thiogermanate matrix and hence affectsmonotonically the electric transport characteristics

aswas seen recently for the §Blho(GeS}GeS)oox glasseg21].
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Conductivity was also measured for thes 0.55 and 0.6 compositions of tlldg9x(GeS)1-x
samples andatherhigh conductivity valuesvere obtained, &-:T; §10° 107 S cm'. Such
values are not consistent with those ofdglessymercury thiogermanate electromisulatorsand
can be attributed to the formation obnducting microscopic inclusionsat high modifier
concentrationg75]. Halyan et al[76], revealed also the existence of these aggregates in the

54%HgS46%GeS glassy alloy.

Figure 11. 21. (8) Roomtemperature conductivitgs - «(b) conductivity activation energysand (c) pre
exponential factoré, for the quasbinary (Hg9«(GeS)1x glass system. The solid lines are drawn ¢
guide to the eye. The average conductivity parameteB8GeSGeS [77] are shown by the dashe
lines.

11.3.2 Conductivity of the ternary glassy systems

11.3.2.a Agl-HgS-As:Sternary system

We have mentioned earlier (ChaptetHat bothmacroscopic properties and Raman scattering
studies were performed on tihe and B seriesglassesi.e. (Agl)o.sx2(HgSh 5x2(AS2Ss)x and
(Agl)o.3(HgS)/(As2S3)0.7.y, Of the pseuddernary AgtHgS-As>Ss alloys[78]. In a similar manner,
the electrical properties fdhe A seriesglassesvere also studied amdrastic changes in ionic

conductivity éjwith silver iodide additions were recorded. The ionic transpareases by 13
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orders of magnitude with increasing silver content from ~0.002 to ~23 at.%, and the activation
energy decreases from 1.05 to 0.35 eV. Two distinctly different ion transport regimes above the
percolation threshold concentration,8 ppm, were distinguished, i.e., a critical percolation
UHJLPH DW ORZ V &EatY4HAY)dnR nAUHeEPBR QW UROOHGL%BRIPDLQ

In this system, we have synthesized and studied the addiflosatiesn the(Agl)o.sx2(HgS).s
x2(As2S3)x composition range corresponding to teguimolar+J $J IUDFWLRQ ,andd@ >3$J@
the motive for this is well stated in ChapterThe total electrical conductivityé values are

temperaturelependentgdo not showsignificant hysteresis effects, and obeg #krrhenius law of

Eq/(11.34)| Figure 11.22. The conductivityparameters & - « ' aand &, are summarized [fiable II.4
and displayed irFigure 11.23 andFigure 11.24) &-.-LQFUHDVHV E\ 8§ RUGHUV RI PL

increasing silver content from the values which are typical of insulating glaghg$’S cm?) to

the values which are characteristic of superdorducting vitreous alloys §102 S cm?) [57],

Figure 11.23(a). The activation energy decreases from ~1.0.48 @V (Figure II.24{a)) while the

pre-exponential factorg, values(Figure I1. 24(b)) fluctuates between t@nd 16 S cm* K.

Table Il. 4. Electric characteristics of the glass syst&ml)o.5x2(HgS)h.5x2(AS2Ss)x.

Agl fraction [Ag] (at.%) N0 ( C) log & - £S cm?) "o(eV)  log &(S cm!K)
10* 0.002 135.2 -13.78 0.919 4.2
3x10* 0.006 93.7 -13.31 0.867 3.8
103 0.020 62.8 -13.16 0.891 4.3
3x10°3 0.060 43.4 -12.72 0.887 4.7
0.01 0.202 29.0 -12.31 0.881 51
0.02 0.410 22.9 -11.95 0.865 51
0.05 1.064 16.6 -11.04 0.837 5.6
0.10 2.273 12.9 -9.99 0.781 5.7
0.15 3.659 11.1 -9.09 0.701 5.2
0.20 5.263 9.8 -7.97 0.686 6.1
0.25 7.143 8.9 -7.07 0.630 6.1
0.30 9.38 8.2 -5.75 0.542 5.9
0.35 12.07 7.5 -5.81 0.466 5.9
0.40 15.39 6.9522 -4.89 0.374 5.3
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Figure 1l.22. Temperature dependences of the total electrical conductity the pseuddernary
(Agl)o.5x2(HgSh 5x2(As:Ss)x glass system. The numbers indicate the Agl molar fraction.
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Figure 11.23. (a) Roomtemperature conductivity oAgl-HgSAs,S; glasses plotted on a sen
logarithmicscale, and (b) condueity isotherms of silver iodidenercury thioarsenate glasses ‘gtqolid
circles) 298 K and ¥, solid squares) 373 K plotted on a4dog scale. The solid lines represent a lei
square fit of the experimental data points in théicadi percolation domain to E[fll.17)| showing
hypothetical conductivity data beyond the percolation domain; the bold lines in the modlifieslled
domain are drawn as a guide to the eye.

The conductivity istherms exhibit at least two concentration regions with distinctly diffe
variations in electricatonductivity, Figure 11.23: (i) the critical percolation below 2 at.% A
and (ii) the modifiercontrolled regime at higher silveontent, T> 7 at.% Ag. This tendency |
similar to AgY-As;Ss (Y = Br, 1) (this work), alkali iorconducting chalcogenide and oxi

glasse$79], [80].
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Figure 1. 24. (a) Conductivity activation energygand (b) conductivity prexponential factorg, of
Agl-HgS-As;S; glasses. The solid line representsastsquare fit of the' gexperimental data points i
the critical percolation domain to E(dlL. 20)

Using the conductivity isotherms method, for the diluted glass compositiofis’ (4.0 ZH
calculaed the critical exponen® 6;in the temperature range from 20 till 200 °C, then plotted the

obtained results as a function of the reciprocal temperditiPén Figure 11.25. A nearly perfect

linear regression with a correlation coefficient, r =90@9verifies Eq[(ll. 19)| The values ofg,and

R were found to be 68(1) K and 0.514(1) respectivelsing the activation energy dgEigure

I1.24(a)), 6,was also calculated and the linear regression was consistieriq|(I. 20)| Theline
slope value 0f0.019(7) yields a value 08, = 98(37) K.

The low values of6, compared to AgYAs:Ss glasses rises a question how the average matrix
coordination number should be calculated cése of AsSs, the A, A=2.4 is well defined. A
simultaneous doping with Agl/HgS = 1 yields two contrasting possibilities. (1) Silver and mercury
distributions are independent from each other and in this Ahg&2.4 since the probability to

find a network forming mercury atom in the vicinity of silver cation is small for random

distribution of both metallic species. (2) Silver and mercury distributions are correlated. At low
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HgS concentrations, mercury is tfad coordinated. As a result, thdexftive average matrix site
coordination will vary between 2 and 2.4 depending on the number of Hg species in the vicinity

of silver(Figure 1. 31). Consequently, the lové, parameter may indicate correlated distributions

of Hg and Ag.

In contrast, the critical temperatugfor (Agl)x(HgSh.sx2(AS2Sg)o.5x2 glasses is higher than that
for AgY-AsSs vitreous alloys. Assuming correlated distributions of mercudysalver and 30%
of 4-fold coordinated mercury species in equimolar Hg5S: matrix glass, the effective matrix

VLWH FRRUGLQDWLRQ LV H[SHEWHG WR YRDOIEMDNIHWK) DIJUH

experimental data.

Figure II. 25. Critical exponent,Pplotted versuss? >for theAgl-HgS-As,;Ss glass systeniThe solid line
represent the result of a leasjuare fit of the experimental data points tq@ql19)

11.3.2.b Agl-HgS-GeSternary system

As mentioned earlier (Chapter Ije narrow glasforming domain of the pseudernary Agt
HgS-GeS alloys is essentially centered around thAgl)x(HgS).5x2(GeS)o.5x2 composition line.
Therefore, for this pseudernary syste, we will only focus on the studgf the electrical
conductivity of the glasses belonging to this Ii@ showsthe typical ColeCole
impedance plots at 373 K for the Agbor  =0.1) and Aglrich (x = 0.5) glasses. The complex

impedance spectrum corresponding to the-papr glassesx(= 0.1) displays both a seruircle
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and a polarization tail in the loWwequency region. Meanwhile, for the Agth composition glass
(x=0.5), the semcircle almost tsappears. The significant polarization tail present is typical for

ion conducting samples in the cell with blocking electrodes.

Figure Il. 26. Typical ColeCole impedance plots at 373 K for glasses (a) poor in Agl (10 melrib
(b) rich in Agl (50 mol %) of théAgl)x(HgS).5x2(GeS)osx2 System measured in an electrochem
cell Au|glass|Au.

Typical conductivity temperature dependencies for the (Ad8iSh.sx2(GeS)o.sx2 glasses10?

"X DUH \KgRr& IthiJr They do not show any significant hysteresis effects and obey
the Arrhenius law(Eq.|(ll.34)). The parameter®;-. ' gand &, calculated from the &est fit

squares of the data using|BQ34)| are represented |Figure Il. 28|Figure Il.29and Table I1.5.

The room temperatureonductivity increases by 12 orders of magnitude fromi5° S cm? (x

=0.0) to 1.99102 S cnm* (x = 0.6)|Figure II. 28|. This later conductivity value is obtained for the

atomic silverconcentration|27.27 &% Ag. One could suggest that thaturation trend at higher
T reached for quadiinary Agtdoped glasses seen earlier, continues for the current pseudo
ternary glassesegardless of the glass network former species.

The activation energy decreasesstically from ~0.96 eV to 0.25 ejFigure 1. 29(a)) and the pre

exponential factovalues &, do not change significantlyarying between 10and 16 S.cm?

Figure 11.29(b)). However, the drop ing, for high Agkrich glasses could be attributed to the

presence of microor nanecrystals in this region.
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Figure 1I.27. Temperature dependences of the total electrical conductivity the pseuddernary
(Ag)x(HgSh s5x2(GeS)osx2 glass system. The numbers indicate the Agl molar fragtion

The conductivity isotherms, displayaal Figure 11.28(a,b), shows four different concentration
UHJLRQV L H -5at.9dAPRZanQWHUPHGLDWIBDW ' $J LLL D KLJK
X" DW $J DQG L Y-high @ 22[aV% Ady Bil@ek content region, and that the
variation in the electrical conductivity between these four regions is clearly distinct. Therefore,
analysisof the structure of glasses is necessary to shed light on the correlation between local
network structure and Agn conduction in new superionic conductors with prominent ionic
transport propertiegan overall look on the studied systems, one can seglgliat quasbinary

and pseuddaernary silver halideloped chalcogenide glasses behave similarly at low and high Ag
concentrations. At least two marked ion transport regimes can be distingaishatthex: | 30

ppm percolation threshaldi) critical percolation regime at low and (ii) modifiercontrolled

domain at highx.
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Figure II. 28 (a) Roomtemperature conductivity oAgl-HgSGeS glasses plotted on a sen
logarithmic scale, and (b) conductivity isotherms of sifeelide mercury thiogermanate glasses at
solid circles) 298 K and\{ solid squares) 373 K plotted on a-log scale. The solid lines represen
leastsquare fit of the experimental data points in the critical percolation domain with

hypothetical conductivity data beyond the percolation domain; the bold lines in the modlifieslled
domain @ drawn as a guide to the eye.

Table 1. 5. Electric characteristics of the glass syst&ml)«(HgS) 5x2(GeS)o.sx2.

x [Ad] (at.%) Meoee(C) log &-{Scm’)  'o(eV) log &(S cm'K)
0 0 - -13.35 0.964 4.4
10* 0.004 108.7 -13.89 0.945 4.6
3x10* 0.012 -13.35 0.934 4.9
10° 0.040 50.2 -12.50 0.84 4.2
3x10° 0.120 34.9 -12.01 0.852 4.9
0.01 0.400 23.3 -11.19 0.819 5.1
0.02 0.803 18.4 -10.97 0.836 5.6
0.05 2.020 13.6 -9.91 0.813 6.3
0.10 4.081 10.8 -8.42 0.693 5.8
0.15 6.186 9.4 -7.56 0.654 6.0
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0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60

8.333
10.53
12.77
15.05
17.39
19.78
22.22
24.72
27.27

8.5
7.9
7.4
7.0
6.7
6.5
6.2
6.1
5.9

-6.67
-5.82
-4.99
-4.35
-4.07
-3.33
-2.89
-2.76
-2.70

0.613 6.2
0.528 5.6
0.503 6.0
0.426 5.3
0.442 5.9
0.419 6.2
0.302 4.7
0.239 3.7
0.247 4.0

Figure 1. 29. (a) Conductivity activation eneyg' gand (b) conductivity prexponential factorg, of
Agl-HgS-Ge$S glasses. The solid line represents a legsiare fit of the' gexperimental data points i

the critical percolation domain to E

TR)

In a similar manner to what was presented earlier, the derived critical tempeatudy2+9K

Figure 1. 30

determined from the conductivity isotherms plotted on aldggscaleFigure 1.

@b), appears to be consistent with the one calculated usin@; composition dependence on a

semtlogarithmic scale (E

(11.20)

, 6, = 273+70K,

Figure II. 29

a).
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Assuming random distribution of silver between matrix sites with tetrahedral G&lthar four
fold mercury species, the derived critical temperattirean be spread between 2.4Q < 3.20
Figure 11.31). The experimentab, for Agl-HgS GeS glasses crosses thg : J; dependence at
J, = 2.40, implying the preferential location of Ag cations in the vicinity of Ge andfdWdo

coordinated mercury.

Figure 11. 30. The critical exponent?. 6; values Figure Il. 31. Critical fictive temperatures, plotted
calculated for AgiHgS-GeSglassesat ” DV as a function of the average local coordinat
Ag and plotted as a function of reciproc number Al,Aof the host matrixsilver mercury ”

temperature. The derive® and 6, parameters thiogermanate and ” thioarsenate glassd® stands
are also shown. for random; nR2 for nonandom 2fold coordinated
Hg; and nR4 for 4old coordinated Hg.

II.4 Conclusions

The ionic conductivitygmeasurements of AgAs>Ss (Y = Br, 1), Agl-HgS-As,Ssand AgtHgS
GeS glasses over 5 orders of magnitude in silver content have shown two iquottaregimes:
(i) the critical percolation afl ” DW $J DQG L tcontkoldd idhiR Gdtibh > 7-
10 at.% Ag. For the silver halide thioarsenate families, ¢hemicallyinvariant critical
percolation, characterized by a poview depedence ofé&; Té6; T. 1, reveals identical ionic
conductivity parameters within experimental uncertainty for Agivd AgS-As>s glasses. This
behavior is fully reversed in the modifieontrolled region; the difference i8yapproacheg

orders of magnitude between Agihd AgS-As>Sz systems.
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The electronic transport of the psedaloary HgSGeS and pseuddernary Agl-HgS GeS
thiogermanatglasseshave been studied. A nanonotonic change in the electronic transport
properties of thélgS-GeS insulating glasses (room temperature conductivity varies between 10

15 and 10'?) was seen, which could be related to changes in the matrix structure. For the pseudo
ternary Agl-HgS-GeS glassesthe room temperature conductivity increasesydy orders of

magnitude from 4.500%° S cm! (x = 0.0) to 1.9910% S cm! (x = 0.6). However, it is
accompanied by a drastic decrease inattevation energy from 0.96 eV to 0.25 eV. A notable
superionic transport behaviour is observed in glasses Withh VLOYHU FRQFHQWUDWLF
Ag). The modifier controlled domain is divided into three distinct regions, indicating thus a

difference in the local structure.

The critical temperatures, characteristic for the critical percolation domain aniteoting the
connectivity of the host matrix exhibits the expected agreement with connectivitysabg A, A
= 2.40, for the AgQYAs;Ss glasses. For the ternargAgl)osx2(HgShsx2(As2Ss)x and
(Agl)x(HgSh.5x2(GeS)osx2 Vitreous alloys, thederived 6, parameters imply a correlated Ag
location in the vicinity of twefold coordinated mercury, while for tHAgl)x(HgS).5x2(As2Ss)o 5

x2 glasses one suggests a predominant Ag distribution witfiddd4coordinated mercury and

trigonal Assites.
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Chapter Ill: Structural studies
of the AglAS S, AgBFAS S,
HgSGeS, and AgiHgSGeS

glasses



lI1.1 Introduction

The structural studies of disordered materials are very important because a detailed knowledge of
the glass network organization at short and intermediate distances allows to anticipate certai
macroscopic properties of glasses. The main problem is that these amorphous materials lack
symmetry and periodicity. In other wordbg efficient structural methods of the Rietveld type
cannot be used. However, these difficulties can be partially solsied indirect spectroscopic
methods and/or direct techniques using synchrotron radiation, nuclear reactors or spallation
neutron sources. Advanced spectroscopic methods such as EXAFS « Exterage@ibsorption

Fine Structure >{1] 44], Nuclear Magnetic Resonance (NMB9], [6], Nuclear Quadrupole
Resonance (NQRJY7], [8], M&ssbauer Spectroscof8}, [10] and Raman spectroscofiyi], [12],

have all proved to be effective in solving the local structure of chalcogenide glasses. However, in
order to obtaintsuctural information beyond the first coordination sphere, it is advisable to use

high-energy Xray diffraction and/or pulsed neutron diffractid8] £17].

Throughout this work, we have studied the structure ofAilpé-As,Sz (Y = Br, 1), HgSGeS,
Agl-HgSAs>Ss and AghHgS-GeS systems by means of Raman spectroscopy, then we have
completed these studies usimgh-energy Xray diffraction ad neutron diffraction experiments
which additionally provide informatioan the short and intermediate range scale

l1l.2 Raman spectroscopy

Raman spectra were collected at room temperature using a LABRAM HR spectrometer equipped
with a triple monochromator,duid nitrogen cooled CCD detector and a microscope. Raman
scattering was excited by a 632.8-Ne laser and a 785 nm solid stltser over &pectral range

from 80 to 1200 cm. To avoid crystallization of the glassy samples, the laser power was set to
0.15 and 1.5 mW and the acquisition time was varied between 60 and 300 s. The spectrometer
resolution was 1 crh Two to four spectra were recorded for each sample in different positions to

verify the homogeneity of the sample and the absence of-pithioal phenomena.

l11.3 Diffraction techniques

Fundamentally, neutrons andrys interact differently with matter. Therefore, neutron diffraction

and highenergy Xray diffraction techniques provide complementary information.
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Figure Ill. 1. Comparison of the sensitivities of some elements to neutrons-aagsKL8].

The scattering crossections presenteih Figure 1.1 show that the sensitivity of the-day
diffraction depends oithe atomic number or numbef electrons in the atom simplistically
associated with the size of electronic clputhile that of the neubn diffraction depends on the
coherent neutron scattering length schematically showrr@stive size of the atomic nucleus.

The lack of periodicity, characteristic of amorphous materials, hinders significantly the precise
determination of their atomistructure. However, complementary neutron andy)diffraction

techniques allow obtaining a mean atomic arrangement around each atomic species.

Using hard Xrays of a synchrotron light source or pulsed neutrares can obtairdiffraction

pattern over a kge range ofthe scattering vector3 L ve O Ed&where ais the scattering angle

and ais the radiation wavelength. In fact, the larger is the range of scattering vector, the better is
the resolution in real space. The pulsed neutrdrs0(054 A) and the hard Xays 0.1 d 4d0.2

A) allow to reach3 valuesup to50 A1, which is very advantageous compared to7i® A

value obtained by diffractometers using copperradiation.

The structure factor5:3; in 3-space and the reapace correlation function€:N or 6:N

characterize the local order in the materja8j.
In the FaberZiman formalism[20], the structure factor is related to theherent scattering
intensity by the following equation:

.. bsFAB3; %A . 1)
53 L—fgz g ES
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where MB:3;A% L Ay/%and M:3;R L Ay2 B Care respectivelyhie square of the average
and the square average of the atomic structure factorBahdg):3; E B:' ; E B} "' ; Here,

A Aimplifies the average number of atonis the system.

In our calculations, the scattering factd$are calculated using Waasmier and Kirfel tafidd
and the anomalous dispersion fast@’and B"fare obtained from the tables of Her[R&] or
Sasaki23].

It must be noted that ¢hcoherent intensity is not accessible directly from the scattering intensity

which contains also many contributions:

X Air scattering
x Coherent scattering
X Incoherent scattering
In order to obtain the coherent intensity, it is necessary to make measurementiots by taking
into account these contributions and make a number of absorption corrections due to the geometry

of the sample.

A software developed in the laboratory allows to carry out all these corrections and to obtain the

pair correlation functin. Such programs are based on the procedure described by \\2dner

#U#8; L wott#d 4 2:t# b g 3; E €53,
) o (1. 2)
E#:t#4 &% 2:t#, ba@a3" E £85023:0
where:

X + Lintensity of primary beam
X +:3; Lcoherent and incoherent scattering intensity

X #:t#4 ; L attenuation coefficient

x

+ ¢ g cL Multiple scattering

X 2:t#& ; Lpolarization factor

X 'fL'o:sErdru{t OBM¥;;
The coefficient #:t#4d ; is an attenuation coefficient which depends on the geometry of the
sample. Itis calculatdaly integrating the optical path of thergy beam onto the irradiated volume

of the sample.
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Practically, air scattering, important only at small angles is recorded during an experiment without
sample and subtracted. Multiple scattering is removed argllytigsing the Warren and Mozzi
procedurg25] and the Compton scattering intensity is calculated using the tabulated values by
Balyuzi[26].

In the case of a system containingomponents as it is always the case, the Falmean theory
allows to define the total structure factd: 3; as the weighted sum ao{n+1)/2 of the partial
structure factorsh; gorresponding to each of the atomic pairs present in the component:

53; L1 9y%%3;

» (. 3)

The 9 s factors are the weights of the different partial structure factors and are calculated from the

diffusion factordi and atomic concentratioies

2385 3; B 3;
- . 4
9UYL FB3,A6 ( )
WhenQ: ' on: AB3;%AandQQ 1 : 7KLY DOORZV WR GR WKH QRUI
curve at the higiQvalues.
o B R
WhenQ : coh DQG&3; Fs\ FAB'r’ &fB:r'ﬁa

This value allows to verify that the normalization is ectrat low 3 values.

The structure of a sample can be described in real space in terms of its pair correlation function
C:N, which is proportional to the probability of finding an atom at a postioalative to a
reference atom taken to be at theywri The position of the peaks &' N then allows to determine

the interatomic distances. The functioBs3 ;and C: N are related by the Fourier transforms:

ade
CNLSE— + M53: Fsr N 3.3 (IIl. 5)
. S téeé + .9, S ¢ N L9, .

4

ZKHUH ! LV WKH DWRPLF QXPEHU GHQVLW\ FDOFXODWHG XVL
finite maximum 3-value that is accessible in diffraction experimen®,gs leads to peak

broadening in real space after Fourier transfation as well as to ngvhysical oscillations in g(r)
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andinotherfVSDFH IXQFWLRQV 6XFK pWUXQFDWLRQ ULSSOHVY FD
the experimentab: 3; by a damping function before Fourier transformation, being equivalent to
a warsening of theéNspace resolution; it decreases slowly to @g§ « The modification function

usually used is the Lorch functi¢a7]:

2o co@ e\/\EgméAéB .
| :3;L _ 38 . 6
~ T (1

8 réG R3a©e

As for the structure factor, the total paorrelation functionC: N is a weighted sum of the partial

pair-distribution functios. The radial distribution function (RDF @: N) is generally defined as:
0:N L veNéCN (. 7)

0:N @IhNas a direct physical interpretation, defined as the number of atoms in a range (r, r + dr)
of any given atonfi28], [29]. RDF can be integrated to obtahe average number of neighiog
atoms C in a coordination shell (weighted average coordination number) existing between the
distances: andrz is thus:
3
%L + 0:N@N (1. 8)

a

For neutron and Xay diffraction studies of glasses, one often defines the total correlation

function, 6:N, as:

O:N
6:N L—N L véeN é& (|||.9)
Because he peaks are symmetrical and allow easier modelling by Gaussian. The average
coordination number is then given by:
4

%L Ngt 6:N@ N (1. 10)

a

where Ngeing the position of the peak iB: N.
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I11.3.1 High Energy XRay ®attering Operating Mode
High energy Xray diffraction measurements (HERD) were conducted at the®ID beamline
at APS (Argonne National Laboratory, USA). Thaa§ energy was 100 keV, providing data at
3values up to 3&. A 2D setup was used fdata collection with a Perkin Elmer model 1621
X-Ray area detect@ . This detector has a good signal to noise ratio, a small pixel size
P DQG HI[FHOOHQW UHVROXWLR Qs choseih to be 0.57mHx E5IDP VL

mm to allow a proper positioning of the beam on the various glass sampléscfdienensional
diffraction patterns were reduced using the Fit2D softW&. The measured background
intensity was subtracted, and corrections were for the different detector geometries and
efficiencies, sample seéttenuation, athComptonrscattering using standard procedyBs, [32]

giving the total Xray structure factoiy: 3.

Figure 1ll. 2. (1) vacuum tube; (2) slit; (3) sample stage; (4) aluminum frame and (5) ptatgdetector.

.32 f——"‘¢ <" ""f..—c'e "t"f—co% o't

Neutron diffraction determines the atomic and/or the magnetictgtau of a material. This
technique can be applied to study crystalline structures, gases, liquids or amorphous materials. It
is a kind of elastic scattering in which the neutrons emerging from the experiment have more or
less the same energy as the inotdeeutrons. This technique is similar teray diffraction, but
different types of radiation give complementary information. In facls a very well suited

technique because the scattering power of a given nucleus is independent of the momentum
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transfe, as consequence of the short range interaction between the neutron and thg3®icleus
This scattering power is propambal to the square of the scattering lengthssample to be
examined is placed in a beam of thermal or cold neutrons and the pattern of intensity around the

sample gives information about the structure of the material.

Neutron diffraction experimenteave been carried out dhe ISIS spallation neutron source
(RutherfordAppleton laboratory, U.K.andthe Orphée reactor (Léon Brillouin Laboratory, GEA

Saclay). The 7C2 and GEM diffractometers provide diffraction data up to 20 and*40 A
respectively in reéprocal space (the scattering vect®rL ve < «arl, where 2 is the scattering

DQJOH DQG WKH QHXWURQ ZDYHOHQJWK 7KH JODVV VDPSO
cylindrical vanadium containers. The neutron diffraction data were corrected for background,
container scatteringselfattenuation, multiple scattering, inelasticity effects to obtain the total

neutron structure facto5(; 13

I11.3.3 Smallangle neutron scattering

Small angle scattering techniques (SANS when using neutron beams or SAXS when using
conventional Xray raliation sources or synchrotron radiation) are experimental methods allowing
the determination of structural features, such as size and volume fraction, of matrix
inhomogeneities in a huge variety of materials. The order of magnitude of the size of thljects

can be detected is in the approximate rangé*nhm.

Smallangle scattering (SAS) data are analyz#tee using standard linear plots (such as Guinier

or Porod plots) or using nonlinear lea¢tT XDUHV WV WR D3B30 SUKBHWH \PWR Gt
PHWKRG LV HDVLO\ SHUIRUPHG DQG XVXDOO\ JLYHV JRRG HV\
and clues as to the nature of the scattering inhomogeneities through the Porod exponent; a Porod
exponent d = 4 points to particles with smoatlfaces while d = 3 points to very rough surfaces.

An exponent d = 2 can represent scattering from adiw@nsional structure (such as lamellae or
platelets). An exponent d = 1 represents scattering from a stiff rod (or thin cylinder). Porod
exponents le¢¥ WKDQ DUH IRU pPDVV IUDFWDOVY ZKLOH 3RURG
MVXUIDFH IUDFWDOVY

The PAXY smaHlangle neutron scattering instrument (Laboratoire Léon Brillouin, France) was

used for mesoscopic (10 to 1000 A) structural studies usingdiitf@eutron wavelengths and
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sampleto-detector distances: 5 A/1.5 m, 5 A/3.5 m, 8.5 A/5 m, and 15 A/6.7 m. Measurements
have been carried out at room temperature and under atmospheric pressure. Standard corrections
for sample volume, neutron beam transnas, empty beam signal subtraction, detector efficiency

and subtraction of incoherent scattering were applied to get the scattered intensities on absolute
scale. The data reduction has been done using the imaie software PASINE[B7].

() (b)

(©)

Figure Ill. 3. (a) Schematic presentation of the @ PAXY-SANS instrumenf38]; (b) a photo of the
instrument; and (c) sample preparation.

Figure 1lI. 3|shows a schematic presentation of the-& RAXY-SANS instrument and related

pictures. We have prepared samples wittiaaneter of 10 mm and a thickness of 1 mm. The
samples were placed in a HELLMA cell between two glass plates before being measured at the
PAXY platform.

l1l.4 Scanning electron microscopy

The principle of SEM is based on the electroatter interactions. An eteron gun bombards the
material to be observed, and hence the sample will emit several types of radiation. Among the

most currently used: -Xays for chemical analysis, backscattered electrons (between 1 and 200 nm
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deep) for chemical contrast and secondalgctrons (between 1 and 10 nm deep) for surface

topography.

Images of the glass structures at various magnifications (200x [ ZHUH UHFRUGHG XV
SEM (JEOL JSM7100F, acceleration voltage of 15 keV) equipped with an Xflash 6 | 30
backscatter eléon (BSE) detector. Xay microanalysis measurements were carried out with the

aid of EDX Bruker QUANTAX 800 model unit to check the sample homogeneity.

l11.5 Results and discussions
I11.5.1 Glass homogeneity

Silver thioarsenate glasses8gAsSs appear to be phaseparated within the intermediate silver
FRQFHQWUDWTIRQ DWQJHJ I'RU RithaddWgpoof Httbous domaing9],

[40]. Consequently, we have checked the homogeneity of (£#835s)1-x glasses on mesoscopic
level. Preliminary scanning electron microscopy (SEM) and samgjle neutron scattedn
(SANS) studies show that silvpoor glassesx(” IRU-A8S, T DW $J.3RU $J

As,;Sg) are homogeneous, while at intermediate and high silver concentratissdt.% Ag), a

mesoscopic phase separation was obsgRigake 111. 416.

The SEM images of the AgBks;Ss glasses are shown |i|F|'gure 1. 4{ and|Figure lIl. 6] As

evidenced from the SEM images of the glassesjrttroduction of Ag has a profound effect on

the glass morphology at the micrometer spatial sdGdlex = 0.2 sample appears to be uniform,

while thex “ JODVV VSHFLPHQ H[KLELWY PXOWLSOH VSKHULFDC
backscattered electron image contains also chemical information; brighter spherical particles are
enriched with silver compared to darker glass matrix, confirmedoglgmergy dispersive-ray

(EDX) analysis.
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Figure 1ll. 4. Scanning electron microscopy imag Figure lll. 5. Smallangle neutron scattering da

of (AgY)x(As:Ss)1x glasses: (ax = 0.2 (Y = Br), (b) for (AgBn«(As,Ss)1.x glasses: ¢blue) x = 0.1,

x=0.1 (Y =1). The secondagectrondetection was ( v;magentax = 0.3, (v,cyan)x = 0.4, (v,purple)

used for these 2 samples. x = 0.5; (a) the normalized SANS intensity3;
plotted on a lodog scale; (b) the Kratky plot
36 +3:vs. 3. The Porod slope n = is also
shown.

Regarding glasses with= 0.3, the Agpoor phase is the dominant and therfadp phase appears

in the form of spherical droplets whose size account of few hundreds &Onamd 300 nmn For

higher Ag concentrations, in particular fo= 0.5, the situation changes drastically amel Ag

rich phase becomes the dominant one. The largeichglomains, interestingly contain inclusions

of Ag-poor phase of various sizes. In particular, when the Ag concentration exceeds 67 ‘at.
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0.3) the initially continuous Agpoor phase becomes fragmented and theiégphase percolates

in the glass structure. The size of the-papr droplets also spans a wide range in spatial scale.
Increasing further the Ag content, with= 0.6 causes thaisintegration of the sizeable Ampor
droplets to much smaller ones and the reduction of the size polydispersity; sizes ofpgber Ag
GURSOHWY GR QRW H[FHHG A P

Figure Ill. 6. Scanning electron microspy images of (AgBjAs:S:)1-x glasses: (ax= 0.3, (b)x= 0.4,
(c)x=0.5and (dx=0.6.

The SEM observations appear to be coherent with sangle neutron scattering experiments,

Figure IIl. 5| The normaked SANS intensity+ 3 ; of AgBr-As;Ss glass samples plotted on a{og

log scale shows a remarkable difference of two orders of magnitude between @hk andx =
0.3, 0.4 and 0.5 glasses. All scattering functiomsghly follow a Porod law+ 3; R 378[41],
[42]. Nevertheless, the slopgL 07 %3; 0Z*‘®B~ -3.5r0.1 is lower for the Agpoor glass.

Moreover,the low SANS intensity anthe + 3; shape forthe x = 0.1 sample are typical for
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homogeneous chalcogenide glasses with density fluctuations and rather well described by th
DebyeBueche moddU3] with a characteristic correlation distance |@00 A [39], [44], [45]

Much more intenset: 3 ; for they = 0.3 sample exhibits some positive deviations from the Porod
slopen = -4 below 5u102 A with a subsequent slope decrease. However, the acce3sinfge

(3> 2 ul0® A) does not allow to follow the further evolution, presumabl@uinier regime

[41], [42], n = -2, at lower 3. The Kratky plot, 3% +3; vs. 3 [Figure IIl. 5[b), is often used to

estimate a typical size of mesoscopic particles if the Guinier approximation ig4&jlidn this

case, the functior8® + 3 ; plotted versus the scattering vect®shows a maximum. The position
346 &0f this maximum and the Guinier radius of gyratidgare related,3;5s L %0 4y Here
again, tle limited 3-range does not allow to observe a clear maximum. Nevertheless, a rough

estimation of4y= 730r200 A is consistent with the SEM data.

Resuming, we conclude that silyeoor AgY-As;Ss glassesx ” DUH KRPRJHQHRX)
mesoscopic scale aing only density fluctuations while the glasses with intermediate and high
silver contentx “ D U H-s&perbtddHFurther SEM and SANS studies of siliedr AgY-

As>Ss glasses are in progress.

[11.5.2 Raman studies of Ag5-AsS and Ag¥As:S (Y = Br, ) and DFT

modelling

Several AgAs-S and AgY crystalline references were synthesized and studied using Raman
spectroscopy in order to compare their Raman spectra with the spectra of our glassy samples. In
addition, we have used the results of DFT modellinglmfational properties carried out by Prof.

A. Cuisset and Dr. D. Fontanari for Raman mode assignments.

The DFT calculations have been carried out using Gaussian 16 sgiwhessociated with its
graphical user interface GaussView. In order to find a compromise between the cost of the
calculations and the accuracy the results, structural optimization and harmonic vibrational
frequency calculations were performed for dir@ted clusters, i.e., A5 or As$Ss. The DFT
calculations were carried out with the Be{48] three paameters hybrid exchange functional and

the LeefrangiParr correlation functional (B3LYP9]. The smalcore relativistic pseudo
potential basis set (guVTZ-PP) [50] and the effective core potentials available in the

Environment Molecular Science Librafy1] were employed for cluster geometry optimization

108



and Raman intensity calculations. All the structures were optimized using the tight convergence

option ensuring adequate convergence and reliability of computed wave numbers.

111.5.2.a Ag2S-AxS crystal structures
The AgAs-S system contains several thermodynamically stable compounds shieigurénll. 7

Figure Ill. 7. (a) Phase equilibria in thg-As-S systenj52]; phase diagram db) Ag.S-A,S;[53] and
(c) Ag2S-Ag7AS S [52].

111.5.2.b Synthesis and XRD analysis of AgS, AgAsgS AgASS and AgeAsS

FourAg:S, AgAsS, AgsAsS and AgAsSs crystalline compounds were synthesized from silver
(Neyco, 99.999%), sulfur (Aldrich, 99.999%) and arsenic su(Bgiethesis described previously).

The starting elements and compounds were weighed in stoichiometric proportions and introduced
in silica tubes. After air vacuum and sealing, the silica tubes containing the different elements were
placed in the furnace drwere thermally treated slowly till 999 °C. Then the mixtures were cooled

down slowly to room temperature in the turned off furnace. The Agém8pound was obtained
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from the (Ag@S).s(As2Ss)o.5 glass by annealing at 275 °C for 3 da¥BD analysiy

Figure lll. 8

confirms that the first three synthesized crystalline compounds in t#fes/AR)system correspond

to their respective referencéis.contrast, the AgASSs composition does not show the Bragg peaks

correspoding to this compound. The majority of reflections are related tetéomperature silver

sulfide.

Figure 1. 8. XRD patterns of the following crystalline compositioa) AgAsS annealed at 275 °C

(b) AgsAsSs, (€) -Ag2S, and(d) AgrAsSs crystals.

[11.5.2.c Raman spectra and DFT modelling of ApS
-Ag2S

$W URRP WHPSHUDW XU H -BgBha®&radnétihmey crgsthHst\cing With space
group P2/c and four formula units per primitive cgli4] -Ag2Sis known to be a semiconductor

with a direct band gap of 1.3 eV. Its structure is based on a slightly distorted bcc lattice of sulfur

atoms. The two structurally inequivalent silver atoms are equally distributed in positions close to
the octahedias(b) (Agl) sites with the shortest (AgS)bond 2.47A, and tetrahedral 18Y (Ag2)

sites with the shortest (Ag® bond 2.55) of the sulfur bcc arrajs5].

Figure Ill. 9

shows the

110



experimental RamaspectrumR 1 WKH VI\QWKHVL]HG FAySTodeDenitdtie FRP SR X

results DFT modelling using triatomic clustera8g

Figure Ill. 9. DFT Raman spectraofA¢ FRPSDUHG WR WKH H{&BPULPHQWI

The Raman spectrR I-Ag2S shows a broad intense unresolved peak between 100 and 350 cm
and a lowfrequency band at 55 ¢chnA Gaussian fitting of the unresolved peak shows two intense
bands at 180 and 240 ¢miThe DFT Raman spectrum of Ajclustershows three bandsnsilar

to the experimental ones at 55, 180 and 240 carresponding to AG-Ag bending, AgS
asymmetric and symmetrgtretching respectively.

111.5.2.d Raman spectra of AgAsS, AgAsS and AgsASS
AgAsS

The Raman spectrum of AgAs§hows very sharp distinct bdmat 374 cm and 320 cri (Figure

lll. 10). The very strong band at 374 ¢nis assigned to the symmetric vibrations, whereas the

asymmetricstretching is represented by the medium intensity Raman band at 358 lvenband
at 320 cmtand 291 crit correspond to the symmetric aasymmetridoending vibrations of the
pyramidal As$ group, respectively. Other bands in the AgAsBectrum are attributed to the
lattice vibrationgd56].
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AQgzASS

The AgAsSs spectrum reveals two prominent bands at 364 and 332 Ehe very strong band at
332 cm! corresponds to the symmetric-Ssstretching mode, and the strastgpulder at 352 crh
to theasymmetricAs-S stretching modes. The medium intensity band at 332israssigned to
the symmetric $As-S bending mod€$6].

Ag7ASSs

The synthesized A#sS essentially exhibit the Bragg peaks of silver sulfide. Consequently, its
SDPDQ VSHFWUXP LV-AkRLODU WR WKDW RI

Figure 1ll. 10. Raman spectra ¢&) AgAsS, (b) AGASSs, (€) AgrAsSs and (d) -Ag.S crystals.

l11.5.2.e The quasi-binary glasses: AgY-As,S (Y = Br, I)

The measured raw Raman spectra of AgY()x(As2Ss)1-x glasseshow only a weak secoratder
5DPDQ IHDW XU H! i We &igsfrequény regionThus, we will focusur attention on

the 100500 cm® domain.In orderto quantitatively compare the Raman spectra obtained for the

different glass compositions, a Voigt function was used to fit the spectral background and then
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subtracted from the experimental data befonenadizing the spectrum over the amplitude of the

most intense peak.

Figure Ill. 11. Raman spectra of the qudmsnary (AgBr)x(As;Ss)1.x glasseswith (a) low and (b) higr
AgBr contentx.

The resulting Raman spectra of thgY-AszSs (Y=Br, I) glasses are shown|figure lil. 11{and

Figure 111.15. TheglassyAs,;Ss (x = 0) has a broad poorly resolved multimofésturecentered

at340cmt FRUUHVSRQGLQJ WR V\PPHWULF DQG DV\Rdh&tiMgULF $VA
AsS, S\UDPLGV DQG $V ja6JA@S, EX460.JFV additional weak but distinct
features at 230 cand 495crt UHSRUWHG E\ PDQ\ LQYHVWLJDWRUV DU}
stretching modes respectivgbf] £63]. These modes come from different structural umatang
KRPRSRODU $VA$V RU 6A6 ERQGV Ehermicdd@@deFiDividhibmstictD OO G H
As;%3JODVV A DFFR U439} [62)RDapkd Mithisilver bromide or silver iodide

does not change significantly the broad poadgolved spectral envelope of glassy.&s

However, starting from 1 mol.% AgBr, we observed more intensefreguency features at 180
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cmit and 230 crit, corresponding to Afs stretching. The relative intensity of these features

remains invariant comped to the AsS stretching at 340 cf

Figure Ill. 12. Subtracting the scaledAs;S; Figure lll. 13. Raman pectra of thex= 0.3 andk =
spectral envelope frorfAgBr)x(As:Ss)1x glasses 0.6 glasses, which belong to two composit
at (a) lowx=10.1 and (bx=0.6. domains withcontrastingconductivity properties
superimposed on the same graph, and (b) a det
the difference Raman spectra for the glasses.
Nevertheless, the shape of thaimvibrationalfeature at 340 crhchanges withx and a distinct
PRGH DSSHDUYV D\B70civKRX @recHadjuBtmeng of the poorly resolved Raman
spectra represents a difficult task without a detailed DFT modelling wilthetional properties
Consequently, we applied a subtraction of the scaleS:Apectral envelope to investigate these
tiny vibrational signatures in more detaisgure 111.12 andFigure I1l. 13. The difference spectra
in the AsS stretching region (36800 cm?) show, in adition to the 370 crh mode, a broad
feature at 300 crhand negative amplitude at 400 ¢nAll these features indicate changes in the
intermediate range order of the8s glassy matrix, in particular, a progressive decrease of the
average size of ASs ULQJV ZKHUH Q7 7KH ')7 FDOFXODWLRQYV

vibrational envelope with decreasing ring siz&igure 1ll. 14. In particular, the negative peak at
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400 cm' can be related to a decreasing population @Bfsngs and a new mode 370 cm' to

more populated ASs rings of trechmannite type.

Figure Ill. 14. (a) DFT Raman spectra of (b) #8s and AsS; (trechmannitetype) rings with termina
sulfur atoms 8n the AsS stretching spectral domain. &terminal hydrogen species are not shown
the Hrelated vibrations are removed.

Figure Ill. 15. Raman spectra of the qudmnary Figure |IIl. 16. Subtracting the scaledAs;Ss
(Agl)x(As:Ss)1-xglasses fok = 0.3 and 0.4. spectral envelope frofAgl)x(As:Ss)1-x glassedor
(@)x=0.3 and (bx=0.4.
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The observed structural changes appear essentially alpo0e3 and also characteristic for Agl

As»S; glassesFigure I, 15 andFigure 111 .16.

The 370cm* mode has been already observed in the siferglasses AgAsS: [64], [65], and
has been attributed to the -Ssstretching of the terminal sulfur B1 AssSg rings similar to tha
observed in the AgAsSrechmannite crystal. Similarly, Boidet al. has observed a strong mode
of this type in the Ags-As>Ss glasse$66].

The two known crystalline structures of AgAs@alled smithitg67] and trechmannitg8] contain

As3Ss cycles connected together with silver. The&group can have as(68] or a G symmetry

[69]. The bridging AsS, bonds in the ring have a bond length of 2.31+@&p®&hile the terminal

ones have a bond length of 2.22+0802Z'he main characteristic vibration in trechmannite appears

at 375 crt, at the same main energy band of AgAgiass, and is related to the shorterbond
compared to the average bond lengthsfS; in the AsS; glass (2.263 [45]). However, the
dominant peak of smithite appears at 364'cslightly redshifted from the trechmaneitand the
corresponding glass main bands. Therefore, it seems reasonable to assume that the intermediate
range structural order of our glasses is similar to what has been observed in trechmannite and

AgAsSS glass.

The structure of trechmannif@8] and smithitgd67] differs fromcrystalline orpiment AsSs; the
latter contains enembered rings (ASs) while the former is constituted ofrBembered rings
(AssSs). Thus,the reduction of the average ring size in glassesexplain the observed changes
of the main AsS stretching feature in AgAs>Ss glasses.

However, we cannot exclude another possibility that in the-Ag)Sz glasses may also appear
isolated As$ pyramds similar to that in A#\sSs crystals[70]. The two crystalline forms of
AgsAsSare hexagonal proustifé1l] and monoclinic xanthoconi{&2]. The proustite structure is
based on complex packing of isolated Asfjonal pyramids and Ag atoms. The crystal structure
of xanthoconite is composed of double sheets consisting of interconnectguyfasBids pointing
with their As apices outwdr connected by two Ag atoms, while the third Ag atoms holding the
sheets togetheAll the sulfur species are terminal in the two forms okAgfs but the AsS:
average bond length is longer, 2.25+0.02 A, than that in AgA3& Raman measurements of

proustite show a strong Raman mode at 363, dfigure 111.10, consistent with reported results
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[56]. The observed vibrational feature may als@tesent in the difference spectra of Ag¥:Ss

glasses.

Summarizing, the evolution of the Raman spectra indicates that silver cations are participating in
transformations of the intermediategnge order in contrast to widely accepted point of view that
metal halides leave intact the original glass structure. Since theri&shYglasses appear to be
phaseseparatedye suggest that the Raman spectrum at eachn be expressed as a linear
combination of the Raman spectra of the-gapr and Agrich domains.Further structural

information becomes available in diffraction experiments.

I11.5.3 Raman spectroscopy of Hg&eS crystals and glasses

Before structural analysis of pseutbsnary silver thiogermanate stoichiometric glasses, we have

synthesized and carriedut Raman spectroscopy measurements of the known crystalline

compounds in the Hg&eS system. The obtained spectroscopic information appears to be useful

for better understanding the structural features in glasses.

111.5.3.a HgS-GeS crystals
Hg:Ge$S is the only incongrently melting compound at 996 K [1] and has a polymorphous

transformation at 679 K[4Figure Ill. 17| The structure of LT modification is monoclinic (space

group Cc) [1].

Figure Ill. 17. Phase diagram of the HgSeS quasibinary systen73].
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111.5.3.b Synthesis and XRD analysis of HgGeS

The XRD analysis shows that only k&S was obtained as a single phase,-temperature

monoclnic polymorphjFigure Ill. 18

Figure Ill. 18. XRD pattern of the crystalline (Hgs(GeS2)..sample compared to the monoclir
Ha.GeS, space grouf.?

111.5.3.c Raman spectra of HgSGeS glasses

Before discussing the evolution of Raman features in the-guemy HgSGeS glassy system, it
is useful to review the main structural motifs in glassy £eSflected by their characteristic
vibrational modes rad DFT replicag74]. The Ge$ stoichiometric glass exhibits wethown
spectroscopicdatures consistent with neutron anday diffraction result$45], [75], [76]:

1. &= 344 cm!: corresponds to théssymmetricin-phase breathing in GSeSy, tetrahedra
[77] 479];

2. &= 372 cm': is related to symmetric breathing of 885, units[80];

3. &= 400 cm!: contains contributions from both €8nd EStetrahedra as well as from
ethanelike ETH-units[74], [81], [82];

4. &= 436 cm® is dueentirely to the highes{s mode in the ES5eS; tetrahedrd74], [81];
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5. &= 259 cmi': aweakasymmetric feature originating from @ stretching in etharike
ETH-GeSes2 units[80], [82], [83].
Experimental Raman spectra of the (HgSES)1-x X" J O D VShoiw ifFlgute
11.19. The spectra show subtle changes in the Raman intensity below 2QGetated to the
bending and deformation modes. In the high frequetmpan above 500 cm, only a weak
secondRUGHU 5DPDQ |HD WappddrsoNbe &isibleE Pherefore, we will focus our
attention on the 20600 cm'range.

The spectra show a new structural feature emerging a330@m first as a shoulder, incraag
in intensity withx and finally becoming the most intense Raman mode foriitdiSritreous alloys,
x> 0.3. Similar feature was observed earlier in mercury thioarsenate gi&sasd attributed to
symmetric HgS stretching in (Hg&)m chaintlike fragments, confirmed by DFT modelling.

Direct fitting of the multimodal Raman spectra in thgS-GeS glass system unveils some
structural aspect$he results of the Ramamalysis are given ifiable I11.1, where the frequencies,
the full width at haimaximum (FWHM) and the peak area are ligted.

Table IlI. 1|shows thathe positions and FWHMs of the stretching modes typical {Gie® are

practically unchanged but their intensity decreases with decreasing@aént In particular, the
stretching features related to F52Sy» are decreasing faster than those for@5. On the
contrary,the intensity and FWHM athe HgS stretcing increases withx; however, its position
shifts to lower frequencies from 328 ¢rfx = 0.1) to 304 cm (x = 0.6)|Figure IIl. 20

We shouldalso note a weak feature 8t F'Pthis mode is characteristic forSstretching in
chalcogenide glasses and suggests the appearanchafmfopolatbondseven instoichiometric
glassesPossible Ge*tH KRPRSRODU ERQGV FKDUDFW Rt see@h tebeD EURD
maskel by HgS symmetric stretchingenterecht §  cm™.

As a first approximation to reveal the structural role of mercury sulfide in the thiogermanate
glasses, we have subtracted the scaled Raman signal correspondiGg$ofrgpm the quasi
binary glassesand normalized them to a constant @efectral envelope. Typical subtraction

procedure is showm Figure 111.21 (a) and the resulting difference spectra are presenfeidine

. 21tb).
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Figure 1ll. 19. Normalized and background corrected Raman spectra of thelgoasi (HgS)(GeS):-
x glasses.

Table lIl.1. 7KH VFDWWHULQJ EDQGVY SDUDPHWHUV REWDLQH®G E\ GLUF
the (HgS)(GeS)1x JODVVHV X RU ”

X 1 FWHM | A 2 FWHM | Az 3 FWHM | As 4 FWHM | As 5 FWHM | As

0.0 3423| 289 | 30.0 3729| 23.0 8.0 | 400.0| 441 85 | 436.1| 275 |49

0.1 328.0| 315 |16.4 3442 222 | 158|3689 301 |115 4065 603 | 119 | 436.2| 21.0 |23

0.2 322.1| 331 21.6| 3438 21.3 | 16.0| 366.2| 319 9.4 | 400.0| 62.6 | 125 4330 23.7 |23

0.3 316.6| 353 |305 3432 212 | 155|3658 395 |13.6 409.9 518 | 10.8|4336| 186 | 1.1

0.4 310.9| 38.2 |40.7| 343.8| 238 | 18.1| 369.6| 305 8.4 | 4035 490 | 1194306 | 237 |20

0.5/ 305.6| 444 |46.7| 3441 245 | 143 369.6, 287 6.0 | 400.9| 46.1 9.7 | 4275| 246 |17

0.6 | 303.8| 47.7 | 49.8| 343.0| 233 | 11.2| 368.4| 36.7 8.5 | 403.1| 37.2 6.3 | 426.1| 233 |15
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Figure 1ll. 20. (a) Peak position, (b) full wlith at half maximum (FWHM), and (c) relative area of

Hg-S stretching mode at 3820 cm' in the (HgS)GeS).« glasses. The solid lines are drawn a

guide to the eye.
The subtraction confirms the appearance of two major features3as@2cm® DQG LL §
cnit. A monotonic increase in intensity of the symmetripirase HeS stretching a8 ri2cn
Lis clearly seen. Similarly to Hg8s,S;s glasses, the§ FPmode is accompanied by a less

L QW HQ V H 4BR G Helaradl t@&symmetric ad/or outof-phase symmetrielg-S stretching
[84]. The observed red shift of the FBysymmetric stretching is also common for the two glass
systemsA quite significant diferenceshould also be noteoetween HgSAsS: and HgSGeS
glasses. In the former, ogannotsee a lot of changes in the 8sspectral envelope, only a little
bit different ring statistics. However, in the latter, we note a remarkable change in tH& CS/E
GeSy, ratio, i.e., ESGeSy, tetrahedra disappear very quickly, whereasG&S» tetrahedra

remain.
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Figure 1ll. 21. (a) Subtraction procedure for thigS GeS glass compositiornx = 0.2, and the resultin
difference pectrum f-0{ 2 Kces2 Ulces{ 2); (b) the difference Raman spectra for (HgS)x«(GeS)1x

glasses divided bydks; i.e., normalized to a constaaeS spectrakenvelope The numbers represent t
mercurysulfidefraction in the glass.

A Gaussian fting of the Raman spectra of some selected (HG85)1-x glasses shown |iF|igure

nm.22 WRIJHWKHU ZLWK WHGE, réfleé Both (Brilanties aRd tifferences compared

to crystalline mercurysulfide Trigonal cinnabar over the 2@D0 cm® spectral range is
characterized by the most intensemode at 256 crhand two weak LO/TQioublets of the E

modes at 290/283 chand 354/345 cmh, respectively. The intense hidgiequency Emode in .-

HgS appears clearly in the (Hg&3eS)1x glasses ax “ 7KH KLJKHU ITUHISXHQF\ R
stretching in the glass can be related to hybtgdS chain/GeS tetrahedral motifs. Another

possible reason of the blue shift. First, the hybrid network implies the reduced average atomic
mass of an Hdnybrid oscillator, | 445 R kGl Ay E Gl AgE G| i 9 where Giis the weéghting

factor for thei-species, hence this increases the vibrational frequenc, | 4 ’° ©
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Figure Ill. 22. Raman spectra for (&) = 0.2 and (b)x = 0.5 HgSGeS glasses; (¢) typical Rame
spectrum for trigonaF L Q Q BHEB[B4]. The dashed line at 256 dmorresponds to the most inten
#z symmetric mode in vibrational spectra of trigonal cinnabar.

111.5.4 Raman studies of AgHgSGeS glasses
Before discussing the effect of Agl on the glass structure, it is useful to review the structure and

vibrational characteristics of@eS vs. (HgS).s5(GeS)os glassegFigure Ill. 23):

- New HgsS stretching features, the most intense|316 cnil, the #5; symmetric HgS
stretching.
- A significant decrease of EGeS, tetrahedra evidenced by a disappearance of#@le
companion mode al370 cm?, and highfrequency (gasymmetric GeS stretching a{435
cml,
- A very small reeshift of the #sin-phase GeS breathing mode in GGeSyz at [340 cmt.
On the basis of the above discussion, the effect of Agl on the glass structure can now be elucidated.
Experimental Raman spectra of the (A@GH#gSh.s0.x(GeS)os0.5 glasses are shown Figure

Ill. 24 in a normalized presentation. Characteristic changes in Raman spectra ofH@Sg)h)s

x2(GeS)osx2 glasses:
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- Almost simultaneous increase of a new vibrational mod&2® cm® and the#sin-phase
Ge-S breathing mode in G&eSy, at |340 cm! for Raman spectra normalized to the
symmetric HgS stretching aj300 cmt.

- A significant lowfrequency side broadening of thie symmetric HgS stretching af316
cmit assuming a newibrational feature at about 270 ¢m

- Clearly visible red shift of the#s in-phase Ge&S breathing mode at340 cm' with
increasing Agl content.

- Some decrease of the hiflequency GeS stretching feature)(350 cm?') with increasing

x for spectra nomalized to the#sin-phase GeS breathing mode 8840 cm.

Figure Ill. 23. Raman spectra of glassy host Figure lll. 24. Raman spectra of (Ag{HgS)s.

GeS and (HgS)s(GeS)os, (a) normalized to the 2(GeS)osxve JODVVHV ZDWK ‘

most intense vibration feature, (b) normalized normalized to the#s; symmetric HgS stretching,

the sin-phase G« breathing mode in GGeS,..  (b) normalized to the#s in-phase GeS breathing
mode in CSGeSy.

The new vibrational mode gtL30 cm! increasing with silver iodide content is related to-lAg

stretching. First, the position of this mode is similar to that in crystatiAgl, Figure lIl. 25. In
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addition, DFT modlling of Agl monomer reproduces well the Agtretching frequency at 121

cm* for the Agl interatomic distance of 2.80 A.

Figure Ill. 25. (a) Raman spectra of crystallineAgl and glassy (Aghs(HgS).25GeS)o.25 (b) DFT
Raman spectra of Agl monomer.

The difference Raman spectra obtained by subtraction of the scaled Raman spectrum for
(HgSh.s5(GeS)osunveil interesting structurdeatures Figure Ill. 26. We should precise that the
difference spectra assume the tsattion of HgSGeS related vibrations, e.g. G& and HgS
stretching modes. The remaining vibrations should be related ttafsgld structural units and
vibrational (structural) differences in the subtracted host, (FSES)o.5, With increasing silve
iodide content. Consequently, a monotonic increase of the shgtching at|130 cm! in the
difference spectra, normalized to a constant spectral envelope of the {{&¥%)o.s host, is
expected in accordance with the chemical composition of tmarieglasses, (AgliHgS)h s
05{(GeS)osos. The 130 crt spectral feature is, at least, bimodal; one observes drigighency
shoulder at|180 cm!, whose relative intensity and position dependscofihe nature of this
shoulder is not yet clear. Th&g-I stretching also exhibits a red shift with increasixagAn
additional analysis is needed to quantify the observed changes.

In addition to the 130 cthAg-I stretching, aveak low frequency asymmetric feature at 280'cm
appears and grows up with Agntent. The 280 crihfeature is similar to that found in crystalline
AQ2S (Figure lII. 9' but shifted to higher frequencies and can be attributed 8 Agetching for

short AgS separations 0{2.43 A. Similar pak has been observed in many-Agh glasses,

increasing with silver contef12], [85]. The above results suggest mixed silver environment in
Agl-HgS-GeS glasses.
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Figure lll. 26. The difference Raman spectra obtained by subtraction of the scaled Raman si¢
50HgS50GeS and normalized to a constant 50Hg3GeS spectral envelope.

The GeS stretching frequencies between 300 and 45bame most difficult to discuss since they,

in principle, should be subtracted. However, thgn-phase G« breathing in cornesharing CS

GeSy, tetrahedra af340 cm! increases almost simultaneously with the-lAgiretching at|130

cmL. It could be related to the fact that the mixed silver environment and additicSatEatching
modesare connected. They would appear simultaneously when silver iodide is dispersed at the
molecular level in the host network approaching@s5,, tetrahedra and completing the existing

Ag-1 bonds by AgS-Ge linkages. The higfrequency GeS stretching (> 3@ cnt?) includes (g
asymmetric vibrations of G&eS, tetrahedra and probably some indications of&&S; dimers

at |400 cm.

The #; Ge-S breathing mode al340 cm! exhibits a significant red shift with increasing Agl

content{Figure Ill. 27| We note that in thélgS-GeS binary glasses the red shift of the-Ge

breathing is much smaller. On the other hand, one observes very similar red shif&iG&®
binary glassesThis observation implies that the second neighbd®is Ag and, consequently,
silver has at least one sulfur nearest neighbor. Finally, we also note a strong red shift for Ag
stretching coherent with the observed transport regimes iAghdigSGeS glassesFigure

1. 28.
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Figure lll. 27. Composition dependences of t Figure Ill. 28. Composition dependencestok Ag
A1 GeS breathing mode in HgSeS, Ag.S- | stretching mode in AgHgS-GeS glasses. The
GeS and AgtHgS-GeS glasses. The solid an question mark means missing Raman measurem
dotted lines are drawn as a guide to the eye.

111.5.5 Diffraction studies

The structural data obtained for the figlement glasses belonging to the ternary systems Agl|
HgS-As:Ss and AgtHgS-GeS are partialarly difficult to interpret. The presence of five= 5

atomic species means that we would hafre-1)/2 = 15 partial structural factor§; 3 ;in the
reciprocal space al5 total correlatiorfunctions ;N in the real space. We discussstf the
structural changes of the binary systems before considering the more complicated ternary ones.
Thus, the obtained diffraction data are to be discussed in the following order:

A. The silver halide thioarsenate quagiary glasses

(i) (AgBI)x(As2Ss)1-x

(i) (Agl)x(AS2S3)1-x
B. The mercury sulfide thiogermanate (HgSeS)1-x quastbinary glasses and crystals
C. The pseuddernary glasses

(Ag)x(HgSh.5x2(GeS)osx2

111.5.5.a The quasi-binary system: AgBr-As&

™ 1-space functions
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Typical neutron&; :3;and Xray 5y: 3; structure factors ofAgBr)x(As2Ss)1-x glasses are shown

in|Figure 11l. 29 We note a significant transformation of bofa:3; and &;:3; for the binary

glass Oscillations are decreasing in amplitude with increasing AgBr content, and are shifting to
lower 3; thus indicating an increase of average interatomic distaitesintense first sharp
diffraction peak (FSDP) af = 1.25 A for g-As;Ss is strongly reduced and shifted to higr@r

In contrast, the principle peak (PP) of the structural factd@gat 2.37 A' grows substantially,

shifts to lower scattering vector8§= 2.25 A for x = 0.6 vs. 2.37 & for g-As;Ss) and tecomes

the most intense feature Bspace. In fact, the mean atomic volume in these glasses is decreasing
(Chapter I) which means that the number density is increasing. Thus, increasing amplitude of PP

is correlated with densification of glasses.

The FDP is characteristic of intermediatange order in oxide and chalcogenide glag3ek It

is often observed for different silver chalcogenide glassy sy$&#1$88], decreasing in intensity

with increasing Ag concentration. As has been reported earlier, the changes in the FSDP are
relatively small n the critical percolation domain in contrast to the modifm@ntrolled domain

[87]. Anomalous Xray scattering experiments on amorphousSAshowed that the FSDP is
mainly caused by AAs correlations extended as far a& [B9]. These correlations, characteristic

of the host glassy matrix, disappgeiogressively with further increase of the silver content and
DUH HVVHQWLDOO\ DE-vodtNed Hdpainy KndicaBrig Griagskbiination and
fragmentation of the AS network{87].

The FSDP, isolated using a Voigt function, are present€dyure I1l. 30. The FSDP parameters:

peak position3s, line width 9 sand areat, are collected @ The position of the FSDP,
corresponding to a correlationlength ® 8 ¢ UHPDLQV HVVHQWLDOO\ FRQV
and AgBrpoor ghsses, and shifts to 1.27*4or the most concentrated glass (18.7%0akg, X =

0.6).0ne observea weak broadening d ;and a monotonic decrease #fwith increasing«. We

should also note smaller FSDP amplitudes for hardys compared toautrons.
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Figure Ill. 29. (a) Neutron 5 :3;and Xray 5y:3; structure factors for thGAgBr)x(As;Ss)1« glasses,
3( ”

Table Ill. 2. FSDP parameters (positioB, full width at half maximum9 s and area#s) for quasibinary
(AgBI)x(As:Ss)1.x glasses.

AgBr Hard X-rays Neutrons

fraction Q (Al) Wi (A'l) A #:0S oy Q1 (A'l) W, (A'l) As #5080 505

X +0.017 +0.06 +£0.012 =+005 +0.017 =+0.06 =*=0.012 =+0.05
0.0 1.247 0.30 0.23 0.26

0.1 1.260 0.30 0.19 0.24

0.2 1.245 0.30 0.18 0.26 1.242 0.31 0.21 0.27
0.3 1.246 0.30 0.15 0.25

0.4 1.261 0.30 0.11 0.23

0.5 1.256 0.27 0.06 0.16 1.239 0.33 0.11 0.21
0.6 1.286 0.29 0.05 0.14
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Figure IIl. 30. FSDP isolated from (a) Xay Figure lll. 31. FSDP (a) position3s and (b)
i:3;and (b) neutronb: : 3; structure factors for amplitude in neutron&:;:3; and Xray 5y:3;
(AgBINx(As:Ss)1x glasses. structure factors of (AgBf)AS:Ss)1.x glasses.

The observed increase &k with increasing,|Figure Ill. 31{a), suggests a slight decrease of the

ring sizen. Since the FSDP amplitude is related teA&scorrelations, we could normaliztég’by
dividing it by the neutron,’:‘.gq s r the average Xay, ﬁqu E'qS;AAs-As weighting factor, i.e.,
He SEq eq1he resulting #5085 50 values, appear to be rather constant, €025 Al in

remarkable contrast to the ra#¢ or #5'<l parameterglable Ill. 2| As a result, we assume just a tiny

change in the ring statics for theAgBr-As»>Sz glasses.

Figure Ill. 32)shows that homogeneous glasses ( Krid ¥riklangle scatteringvhile non

homogeneousitreous alloysX ¢ HIKLELW DQ HQKDQB.HIGs nféerDdaioN HUL QJ I

has already been observed in more details in the SANS measurements.
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Figure Ill. 32. X-ray 5y:3; structure factors for theAgBr)«(AsSs)1x glasses at3 * 1.5 A showing
enhanced scattering fare 25, highlightedin pink.

™ Realspace functions
Typical neutron6: : N and Xray 6: N total correlation functionfor the AgBFrAs;Ss, 0.0 dx d

0.6, glasses obtained from the corresponding3 ;and ;: 3 ;by Fourier transform usinglarch

window function, are shown |Rigure 1. 33] They exhibit systematic changes with increasing

AgBr contentx, especially in the range 2 Ar d6 A. One observes clearly three characteristic
peaks at1 | 2.3A, r2 | 3.5 A andrs | 5.2 A. The first peak ob:Natr: | 2.3 A corresponds to
As-S nearesheighbor distance and the trigonal As coordination andftiebcoordinated sulfur
species remain intact at $V A 6 r0.01 A (Table 1ll.3). The second peak at | 3.5 A

decreases in intensity with increasinglt is related to AsAs, SS, and AsS second neighbor
intraclayer correlations and shortest interlayer contacts as well as-tandigBrrelated second
neighbor correlations. One observes also broadesmigreduction of A, ring centefrcenter
correlations ats | 5.2 A. However, the most distinguished difference compared to 482 Asst

glass are the additional correlations between 2.5 and 3.0 A that are clearly increasing with the
AgBr content. Thigegion corresponds to AY first neighbor correlations, where Y = Br, S. Two
types of silverrelated nearesteighbor distances, A§ (2.452.60 A) and AgBr (2.67-2.77 A),

are known to exist in the abowerange in the vast majority of crystalline refetea and

chalcohalide glasses.
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Figure Ill. 33. (a) Neutron6;:N and Xray 6y:N total correlation functions for th@AgBr)«(As:Ss)1x
JODVYVH¥Y”

The 6&;: N of diluted glasses, especially for= 0.01 or only 1 mol.% AgBr alloyed withAs,Ss,

reveal unexpected changes between 2.53&n¢igure 1. 34,

Figure lll. 34. (a) X-ray total correlation functiong: N for glassy AsS; (blue) and (AgBR.01(AS2Ss)o.99
(light green) and (bAgBr-As;S; glasses containing;, 5, 10 and 15%nol. % AgBr overa limited N
range, emphasizing structural features between 2.5 and 3.0 A.
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The AsS first neighbor peak at 2.27 A has decreased in amplitude and a new feature emerges at
|2.5 A. This new contribution cannot be related to AgBr, since the correspondidgBagy

partial functions are very small for = 0.01. The only reasonable hypothesis suggests the
appearance of homopolar As bonds as a result of interactions between silver bromide and As

S glass network. A twpeak fitting confirms the trigonal arsercoordination remains intact but

about 10% of As form homopolar bonds. The XRD fitting results appear to be consistent with

Raman data for AgBAs>Ss glasseqFigure Ill. 35:37) where the lowfrequency features &30

and 180 cnt are associated with A&s stretching. The chemical disorder exists-iAsgSs but its
magnitude (23 %) is at least by a factor of88smaller than that in glassy (AgB6)(As2Ss)o.99
(]110%). The Raman data also indicate the magnitudkerhical disorder remains rather constant
with increasing AgBr content. Consequently, furtt@y:N and 6y: N analysis was carried out

with the AsS and AsAs coordination constraints.

Other diluted glasses,= 0.05 and 0.10, have shown a systematic increadsdice correlations
in the vicinity of 2.75 A, related to ABr first neghbor contacts and a distinct threshold at about
x | 0.15. We should, however, note that theBwcoordination number appears to be IdWwy-, 5

/ 2, implying mixed silver environment (Br + S) also suggested in Raman measurements and
observed in MY¥coordination polymers, where X = Cu, Ag and Y = Cl, B8d] £95]. Fitting the

diluted glassesx(= 0.05 and 0.10) shows a better agreement with the 3:1 stoichiometry &tio (3

+ 1Br nearest neighbors) while the concentrated vitreous akey9 Q) yield a better agreement

with the 2:2 stoichiometry (2S + 2Br). Thke= 0.15 glass shows an intermediate behavior. The

fitting results are collectei Table 111.3 andpresented ifigure 1. 35:37.

The use of two complementary data sets appears to be beneficid@: Krfitting in the
(AgBI)x(As:Ss)1-x glasses. This is justified by the fact that neutron amdydwveighting factorsVvi;

are distinctly different for these glasses (seegkample Figure I1l. 36 representinghe 6;: Nand

6 : N analysis of(AgBr)o.2(As:Ss)o.s glass) The combined analysis of the two data sets allows
reliably the mixed tetrahedral environment of Ag species to be deter@ : the AgS
nearest neighbors at 2.8105 A andAg-Br atomic pairs at 2.7(0.02 A The multipeak Gaussian

fitting of 6:N also shows a peak 4t3.2 A. The nature of this peak is not completely clear. In

silver chalcogenide glasses ti2A peak is usually associated with shortAg correlationg87],
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[88], [96], [97]. However, in our case this peak may contain many different contributions and its

assignment to Ag\g second neighbor contacts is questionable.

Figure lll. 35. Fitting X-ray 6g: N total correlation functions for the AgB¥s,S; with x =0.05and 0.1
glass.

Figure Ill. 36. Fitting (a) the neutroré: :Nand (b) Figure Ill. 37. Fitting (a) the neutroré: : Nand (b)
X-ray 6g:N total correlation functions for th X-ray 6y:N total correlation functions for th
guastbinary (AgBr)».2(As:Ss)0.s glass. quastbinary (AgBrh.s(As:Ss)o 5 glass.
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Table Ill. 3. Interatonic distanceslN @nd coordination number8; Jor the (AgBr)(As:Ss)1x ( X
0.6) glasses.

X r(As-S) Nass r(As-As)  Nasas r(Ag-S) Nags  r(Ag-Br) Nag&r
(R) (R) (A) (A)
High-energy Xray diffraction
0.0 2.27 2.91 A A A A

0.01 2.27 2.70 2.56 0.35

0.05 2.27 2.75 2,51 0.31 2.58 3.05 2.77 1.01
0.10 2.27 2.75 2.45 0.25 2.62 3.05 2.78 0.98
0.15 2.27 2.76 2.52 0.25 2.59 2.53 2.74 1.48
0.20 2.27 2.73 2.45 0.24 2.58 1.99 2.74 2.00
0.25 2.27 2.74 2.52 0.25 2.60 2.03 2.75 2.03
0.30 2.27 2.74 2.56 0.25 2.58 1.98 2.75 2.00
0.35 2.28 2.75 2.52 0.25 2.60 2.02 2.75 2.00
0.40 2.28 2.76 2,51 0.25 2.61 2.03 2.76 2.01
0.45 2.28 2.75 2.51 0.25 2.61 2.03 2.76 2.00
0.5 2.28 2.76 2.50 0.25 2.60 2.03 2.75 2.00
0.6 2.28 2.76 2.52 0.25 2.61 2.04 2.75 2.00

Neutron diffraction

0.0 2.25 3.03 A A A A
0.1 2.24 2.75 2.39 0.24 2.58 2.95 2.77 0.99
0.2 2.24 2.74 2.41 0.24 2.58 2.00 2.77 2.02
0.3 2.24 2.74 2.41 0.24 2.52 1.95 2.74 1.99
0.4 2.24 2.74 2.38 0.24 2.51 1.96 2.73 1.99
0.5 2.24 2.75 2.38 0.24 2,51 1.99 2.72 1.98

135



0.6 2.24 2.74 2.38 0.24 2.52 2.00 2.72 1.98

Uncertainties in the AS, AsAs, Ag-S, Agl interatomic distanceare r0.01 A, r0.02 A, r0.02 A, andr0.03 A,
respectively. Uncertainties in th&s-S, AgS, Agl coordination numbers arr0.10, r0.10, r0.10, and r0.15,
respectively.

111.5.5.b The quasi-binary system: Agl-AsS

™ 1-space functions

Figure I1l. 38. FaberZiman (a) neutrorb : 3;and (b) Xray 5y:3; structure factors for (AgljAs:S;).-
x JODVVHY"” K

Typical FabeiZiman neutron &::3; and Xray &y:3; structural factors for the quasinary

(Agl)x(As2Ss)1-x glasses, 0.@x d0.4, are shown |Rigure Ill. 38| They exhibit high 3 oscillations

which are decreasing in amplitude with increasing Agl content, artahgttib lower 3. The FSDP

Q. = 1.25 Aldecreases in intensity with increasing Agl concentration to disappear completely for
x = 0.4. We should also note narrowing of the second pedli3; at |2.5 A and high 3
broadening of the peak 48.85 A* with the appearance of a distinct shoulderxfer0.4 glass.

™ Reatlspace functions
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Neutron and Xrays total correlation function&; : N and 6y: N of (Agl)x(As2Ss)1x glasses, 0.ad

x d0.4, are shown ‘ﬁigure 1. 39) They exhibit systematic changes with increasing Agl content

x, especially in the range 2 Ar d6 A. As has been discussed for the Ag®sS; glasses, the
three characteristic peaksrat| 2.3 A,r, | 3.5 A andrs | 5.2 A are clearlydentified. Similarly,

the most distinguished differences compared tgSARost glass are the additional correlations
between 2.5 and 3.0 A, that are clearly increasing with silver iodide content. In this regibn, Ag
and AgsS first neighbor correlationsist, with the following nearesteighbor distances: A§
(2.452.72 A) and Agl (2.752.85 A).

Figure lll. 39. FaberZiman (a) neutron6::N and (b) xray 6y:N total correlation functions fo
(AQl)x(AS2S3)1xgODVVHW” ”

The sensitivity of neutrons andpgys to AgS correlations appears to be similsm,g?w 9% W=
1.15, while Xrays are much more sensitive to -Ag 90’1?,\,' 9.%,y= 3.09, and to Ag\g

correlations, 90';'?,59 9%k, 7KDW{TV ZKheaMsKreighdor contacts are more

visible in &;:N. The combined analysis of the two data sets allows reliably identifying the mixed

tetrahedral environment of sulfur and iodine around the periss(Table IlI. 4). The fitting
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procedure was similar to that used in AgB5;Sz glassesWe also assume havingl®% of As
As homopolar bonds. In this case, we have fixeébAmd AsAs coordination numbeifsr all the

concentrations Oo o7 L t & wand Qo gm0, L rd&w Glass withx = 0.05 fits well with Qo j5; L
uand 0. j» & 1. On the other hand, we tried 3 fittings for the glass xwtl0.15 in the intermediate
region: 0o o7 0oy 4= 3/1, 2.5/1.5 and 2/&nd the first two are well fitted. However, for glasses

in the modifiercontrolled regionx = 0.30 and 40, we have fitted with (;o; Qo j5 4= 2:2.

Figure IlI. 40. Fitting (a) the neutroré : Nand (b) Xray 6y: Ntotal correlation functions for the quas
binary (AgIk(As2Ss)1-x glass.
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Table Ill. 4. Interatomic distanceg) and coordination number8 for the (Agl)(As:Ss)1x ( X7
glas®s.

X r(As-S) Nass r(As-As) Nasas r(Ag-S) Nags r(Ag-1) Nag
A) A) (A) (A)

High-energy xray diffraction

0.40 2.30 2.76 2.53 0.25 2.71 2.00 2.83 2.02

Neutron diffraction

0.05 2.24 2.71 2.39 0.25 2.73 3.14 2.87 1.01
0.15 2.25 2.74 2.39 0.24 2.73 2.46 2.87 1.53
0.30 2.25 2.74 2.44 0.25 2.65 2.02 2.83 2.02

[11.5.5.c ab initio Molecular Dynamics Modelling AIMD of AgY -AsS glasses

In order to verify the main structural details of our-HRD and ND studies for Ag¥s:Ss
glasses, we startedb initio molecular dynamics simulations using a combined RMC/DFT
approach98], [99] carried out by Dr. A. Sokolov and Dr. D. ianari. As a first stepandomly
generated initial configuratioof 940 atoms for (Agh1(As2Ss)o.o (critical percolation domain) or

of 1050 atoms for (AgB#k(As2s)os5 (Mmodifier-controlled region) were optimized using
RMC_POT++ cod€/100] to obtain a good agreement with neutron and -eigérgy Xray
diffraction results. Further optimizationquedure has been carried out at OK by DFT (Density
Functional Theory) using CP2K 5.0 packd@@1] in a parallel environment. Calculations have
been performed employing the GGA exchanggelation functional PBEsd102] and the
consecutive basis sets SzZV, DZVP and TZVP. The optniXET configurations were used for
AIMD simulations which are running now aboVg(10 ps at 500 K for (Agb)i(As2Ss)o.9and 4 ps

at 450 K for (AgBr).s(As2Ss)o.5). The two simulations are expected to reach an equilibrium at high
temperatures, presumabbfter 3650 ps. The simulation boxes will be then quenched to room
temperature and equilibrated at 300 K. The current state of the simulations is briefly summarized

below.
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(AgBI)o.s(As2Sg)o.5 Simulation

Typical snapshot of a 105tom simulation box fofAgBr)o.s(As2Ss)o.5glass is shown ifigure
1. 41. The initial RMC configuration was completely random but the DFT modelling led to a

phase separation clearly visibleRigure Ill. 41 and consistent with SANS and SEM results.

Figure Ill. 41. (a) Typical snapshot of a AIMC Figure Ill. 42 The averag total correlation
simulation box showing a clear heterogeneity functions 6, :N calculated using

atomic distributions for glassy (AgBRAS:Ss)os  simulation box containing 1050 atoms.
(b) simulation boxbut without As and S atoms.

The calculated A@r and AgS partialcorrelation functions6 »,, 3:N and 6 (j»; : N, shown in
Figure IIl. 42, revealmixed tetrahedral silver environment with 2&81d 2S nearest neighbors in

accordance with thé&: N analysis of the experimental ND and $XRD results.

Figure lll. 43. Partial pairdistribution functionsG 4 : Nand G 490 o N for glassy (AgBr) s(As2Ss)o 5.

We should also note the A and AsAs partial pairdistribution functions confirm chemical

disorder in glassglassy (AgBry.s(As2Ss)o.s(Figure lIl. 43). The derived coordination numbers are,

however, slighly different from the experimental value: .o = 2.34 andQo 490 5= 0.52.
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(Agl)o.1(A$Sg)0.0 Simulation

The AIMD simulation box for glassy (Agl)(As2Sg)o.o does not show any phase separation. The
Ag- and Asrelated partials reveal some similarities and differences compared vathfthr@lassy
(AgBIr)o.5(As2S3)0 5.

Figure Ill. 44 The Agl and AgS partial Figure Ill. 45 The AsS and AsAs partial pair
correlation functions6 , 4N and 6 (i :N for distribution functionsG 4; :Nand G 4o . N for
glassy(Agl)o.1(As:Ss)o., derived using the initia glassy(Agl)o.1(As2Ss)o.o, derived using the initia
steps in AIMD simulations. steps in AIMD simulations.

Silver also exhibits mixed tetnadral environment but with different stoichiometi®;;-»; = 3.4

and 0.y, 4= 0.6, Figure Ill. 44. These results are similar to the derived experimental values for
diluted glasses. The remaining iodine atoms are mainly connected to afggmec!il. 45 shows

that the(Agl)o.1(As2Ss)0.9 glass reveals identical chemical disorder to glassy (AgB¥$2Ss)os.

0o i = 2.33 and0o 0 = 0.49 and exceeds the experimentaltyedmined AsAs coordination
number s 0 5| 0.250.30. We should however emphasize that the AIMD simulations are not yet

finished and the final results might be different from the above values.

111.5.5.d The quasi-binary system: HgS-GeS

™ Q-space functions

Typical neutron 5::3; and Xray 5y:3; structue factors of mercury thiogermanate glasses
(HgSK(GeS)1x, 0.0 dx d0.5, are shown il@ We have chosen to work within the
domain 33 g s= 40 Alfor pulsed neutrons (GEM), an8 g s= 30 A for X-rays (APS). In both
ND and HEXRD, the 5: 3;for the vitreous matrix GeSjlass x = 0.0) is very similar to that in
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the literaturg76]. One also observes a distinct higloscillations and a pronounced FSDP3at
| 1.0 A,

In order to extract the FSDP parameters, a Voigt function was used to approximate the background
underneath the FSDP ib: 3 ;at low 3, allowing the FSDP to be isolated and fit{Edjure 111.47).

The FSDP at35 corresponds to GEe correlations at the characteristic distangelL te 3s |

6 A. Mercury sulfide additions to vitreous germanium sulfide change the $e@ture factor.

High- 3 oscillations amplitude decreases with insieg x. However, the most distinguished

changes occur in the levg region, < 2 AL,

Figure 1. 46. FaberZiman(a) neutron&: : 3;and (b) Xray &y: 3;structure factors for the quasinary
(HgSK(GeS)1x glases, 0.0dx dO.5.

The intensity of FSDP a85 | 1.0 Al decreases with increasingFigure Ill. 47) and this is partly

caused by the heavy element Hiy = 80) in the (HgSJGeS)1x glasses because the -Ge
weighting factomwcece (Zce = 32) decreases with increasing the average atomic nurdberkhe
decrease in intensity is also coherent with the decrease in the glass transition temperatures for the
(HgSK(GeS)1x glasses with increasing(Chapter | tFigure 1.21).
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Figure lll. 47. Isolated FSDPs obtained with (a) pulsed neutron and ¢@yX techniques for th
(HgS)(GeS)1x binary glasses, 0.@x d0.5.

Figure 1lI. 48(a,b) shows the position 5 and area #5) of the FSDP for the quabinary
(HgSKGeS)1x systen, 0.0 dx d0.5, as a function of HgS fraction, respectively. The FSDP area
#s, related to Ge5e correlations, decreases linearly with increaginghis indicates a gradu
disappearance of the intermediaa@ge order in the Hg6eS glasses. Its amplitude in neutron

data is slightly higher than that of-pdys, consistent with neutron andrXy GeGe weighting

factors in the mercury thiogermanate glaswé‘v,szzD7 P Qtaz The FSDP position 35
. b7.D

increase with from 1.03r0.005 A to 1.14r0.03 Al

Figure Ill. 48. FSDP (a) position 85 and (b) area #5 obtained, with both Z) ND and (,) HE-XRD
techniques, for the (HggleS)1« binary glasses, 0.dx d0.5.
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™ Real-space functions

Neutron and Xray total correlation functiong::N and &;: N were derived through the usual

Fourier transform using the Lorch modificatibmction. The results are shown|kigure Ill. 49

The correlation functions for the vitreous matrix Ggtass x = 0.0), in both ND and HEXRD,

are comparabl those reportemh literature[76].

Figure I11. 49. (a) Neutron 6::N and (b) Xray 6y:N total correlation functions for the quasinary
(HgSK(GeS)1.x JODVVHV 7KH ILUVW QHLJKERU SHDN 8§ W K K&\
FHQWHUAFHQWHU FRUUHODWLRQV D ggeen, RdpettivelyJ KO L IK \

TKH ILUVW SHDN DW §;correspar@s 00GB first neighbours. The peak at 2.90 A
is related to short GE&e correlations in E&eSy,, and a broad feature #8.5 A reflects second
neighbour GeGe contacts in G&eSs2, S-S and GeS correlations. More distant narrow peak at
|5.4 A and a broad bimodal feature ft2 A are associated with the ring structure iGeS
[103].

The total correlation functions for binary glasses exhibit systematic changes with increasing HgS
contentx, especially in the range 2 Ar d5 A. The peak at 2.22 A decreases and distinct-high
broadening is observed with incs@ag x (Figure 111 49’. This broadening is expected, since the
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Hg-S distance in trigonal cinnabddHgS is 2.38 A/104] and that in cubic metacinnab&HgS
is 2.54 A[105]. Also, with ircreasing HgS conte, a broad and shallow featuappeas at § A.
This change is expected, since #eeond neighbor correlatioas 4 A dr d5 A exist both inD

and EHgS.Finally, the feature at 5.2 Aroadens antecomes less intenséth increasing.

Fitting the first peak in6; : N and 6y: N with two Gaussians yield®a g 8 DQ&; ° WKH
Hg-S coordination increases within other words, the-fbld coordination mercury species appear
in the glass network. On themtrary, the tetrahedral germanium coordination remains ifftaet.

fit quality was found to deteriorate withsince N %g, F ;> N %g, F ;, 2.54 vs. 2.38 Ain
crystalline E and DHgS, respectively. The derived fitting parameters, estimated todloose,
dictated the addition of some constraints. Consequently, as foiABlES glasses, a thregeak
fitting (Figure 111.50) was necessary with the following constraint orpdf§ and HgrS peak

areas:

%o | 5 %o

t F (. 11)

&pjro  6&pj70’
where %R and %¢are the peak areas corresponding-fol@ and 4fold coordinated mercury,

S| e»wS the neutron or Xay HgS weighting factor.

The obtained partial coordinationmbers 0°%, and 084, wwere used to calculate the fraction of

4-fold coordinated mercury speciﬁg:

8¢ 6¢,
OL\(j?WL SF oLt'—,"?W (”|12)

The B® fraction increases monotonigawith mercury sulfide conter%gure 1. 51) reaching

B3¢ | 0.30 for equimolar HgS/Ge$omposition = 0.5). The two HgS distances decrease with

¢ L

increasing 230 AdN %, F ; d2.33A,and2.2A dN %, F ; d2.45A Both distances
distance appear to be distinctly shorter than%g, F ;=2.54 Aand N %g, F ;=2.38 Ain
cubic metacinnabaEHgS and chantike cinnabar DHgS, respectivelylLikewise, the G first
neighbor sepation decreases slightly with increasifjom 2.23A (x=0.0) to 2.194 (x= 0.5).

The fitting results are givenl|ifiable IIl. 5
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Figure 1ll. 50. Three SHDN ¢ W WL Q J atwrle W @aHnegtbWeW Nlahd (b) Xray 6y:N total
correlation functions for the JODVV 7 Kibld Hiet 65, and 4fold Hgur IS correlations are
highlighted in red, green, and blue, respectively.

Figure II. 51. Fraction of 4fold coordinated mercurg®¢ shownfor neutrons and Xays (average

values) forHgS-GeS glassestogether with HgSAs,S; glasses plotted as a function of Hg ator
fraction. The line is drawn as a guide to the eye.
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Table 1lI. 5. Interatomic distance$y and coordination number8; §or the quasbinary (HgS)}(GeS)1x
glasses, X"

HgS Fracton N)AF 5; Newe N %, F ; 0 N %, F 0%

X A (A) &)
Neutron diffraction
0.0 2.22(1) 3.98(10)
0.1 2.23(1) 3.98(10) 2.37(1) 2.06(10)
0.2 2.23(1) 4.01(10) 2.36(1) 1.70(10) 2.66(4) 0.61(10)
0.3 2.23(1) 3.93(10) 2.35(2) 1.60(10) 2.54(2) 0.78(10)
0.4 2.23(1) 3.96(10) 2.36(1) 1.51(10) 2.63(4) 0.99(10)
0.5 2.23(1) 3.89(10) 2.34(2) 1.40(10) 2.44(2) 1.17(10)
High-energy Xray diffraction

0.0 2.231) 4.00(10)
0.1 2.231) 3.8910) 2.333) 1.80(10) 2.452) 0.35(10)
0.2 2.22(1) 3.9610) 2.333) 1.8310) 2.43(2) 0.40(10)
0.3 2.21(1) 3.8910) 2.323) 1.67(10) 2.42(2) 0.6810)
0.4 2.20(1) 3.89110) 2.31(4) 1.62(10) 2.42(2) 0.8210)
0.5 2.191) 3.8910) 2.304) 1.4610) 2.41(2) 1.2610)

111.5.5.e Monoclinic Hg4GeS and crystallization of HgS -GeS glasses

The monoclinic lattice of Hg5€Ss, space group [106], consists of isolate®GeS» tetrahedra
connected via corneharing Hg®as units, Figure 111.52. One thirdof sulphur species are only
connected to mercury similar to that in other crystals of argyrodite fghili§}. Both Ge%» and
HgSy4 tetrahedra are distorted. The-Saunits have three short, 2.1@1022 A, and one longer,
2.252r0.050 A, GeS interatomic distances. The difference in the nearaighbor separations is
even bigger for Hg atomic pairs: 2.48.04 A (44%) vs. 2.680.12 A (56%).
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(@) (b)

Figure 1ll. 52. (a) The elementary cell of monoclinic k&g S [106], consisting of Geg and HgSx
tetrahedra. One third of sulphur species are only connectadrtury, as it is shown for (b) the &e
sublattice with omitted Hg species.
Glassy/crystalline (Hg9}GeS)o.4 exhibits Bragg peaks, corresponding to monoclinieGss,
Figure 1ll. 53. The PDF analysis of the correspondingray structure factor showa close

resemblance between the tatoucturesFigure 1ll. 54.

Figure Ill. 53. A low- 3 part of the Xray structure Figure Ill.54. (a) Derived 6y:N for
factor for a (HgS«(GeS2)4 glassy/crystalline (HgSh.e(GeS2).4 and (b) calculated6::N for
alloy showing the Bragg peaks of monoclir monoclinic HgGeS [106] using the XTA
Hg.GeS [106]. program[108].
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The most intese peaks in both derivet:N for (HgSh.e(GeS2)4 and calculated6 : N for
monoclinic HgGeS [106] corresponding to HéHg correlations are clearly visible #4, |7 and
|9 A. The GeS (highlighted in red) and H§ (blue) first neighbor correlations are asymmetric
for (HgSh.e(GeS2)4 and HgGeS, Figure IIl. 54. Short (2.50 A) and longer Hg (2.70 A)
contributions can be distinguished for (Hg&%eS3Jo.4 in accordance with crystal data. The

glassy/crystalline alloy shows essentially théoll coordination for mercury specie$; ¢»>w~

3.94r0.20, in contrast to Hg&eS glasses.

111.5.5.f The pseudoternary system: Agl-HgSGeS

™ Q-space functions

The obtained Fabeéfiman X-ray 5y:3; structural factors for the pseudernary (Aglx(HgSh.s

x2(GeS)osx2 glasses, 0.0dx d0.6, are shown ifFigure Ill. 55 One observesssentiallyfour

changes with increasing silver iodide contenl) The high and medium3 oscillations shift to
lower 3; thus indicating an increase of average interétodistances. (2) The peak at 2.1% A
sharpens. (3) The amplitudes of the peakis2al 1, 3.7 and 5.9 Achange nossystematically and
shift strongly to lower3. (4) The FSDP af3;| 1.0 A characteristic for equimolar HgSeS
matrix glass X = 0) disappears nearly completely with increasing Agl. Itekated to GeGe
periodicity reflecting the intermediatange order in the glass network formed by$eings of
different sizen [86], [109], [110]
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Figure Ill. 55. FaberZiman (a) neutrorb:: 3;and (b) Xray 5 :3; structure factors for silver mercui
thiogermanate glasséf\gl)x(HgSh.5x2(GeS)o.5x2 X" VKRZQ RY HBrabgeC
Remarkable changes in the lo8region below 22 are highlighted in green.

™ Real-space functions
Typical total correlation function®y: N and & : N for the (AgI}(HgSh sx2(GeS)osx2 glasses
are shown ifFigure lll. 56| They exhibit a characteristic and systematic evolui®a function of

the glass composition. With increasing silver iodide contemne observes that (i) the broad
unresolved first peak g®2.2 A decreases rapidly in amplitudssociated with the decreasing Ge
content shifts to higher interatomic distaegwith a simultaneous asymmetric broadening at high
r side, (i) a new structural feature appearg280 A and grows monotonically, (iii) the second
neighbor correlationgGe-Ge contacts in cornesharing CSGeSy, units, SS and GeS
separationsit |3.6 A diminish, show a high broadening and finally develop broad features at
|4.10 and 4.47 A, and (iv) a broad band|a#4 A associated with the ring structure GgS

disappear with increasingconfirming the fragmentation of the continuous &eulmetwork.
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Figure lll. 56. FaberZiman (a) neutron6::N and (b) xray 6y:N total correlation functions fo
(AgDx(HgSh.5x2(GeS)osxe JODVVHY "
Despite the apparent complexity of the first nearest neighbour correlationsongbnent quasi
ternary glass, the structutatiowledge of its quasiinary parents allows the structural analysis to

be realised rather smoothly. (A) The peak Mit| 2.2 A which corresponds to & nearest

neighbour correlations, highlighted in light pinkifigure 11l. 56| remains intact over the entire

glassforming range. (B) The H& nearest neighbor correlations appear at alp{i2.38 A and

the HgS coordination number is expected to®g,; * & 7KH VLOYHU VSHFLHV IR
or mixed AghSsntetrahedra characterized by -Agnd AgS distances highlighted in blu®&-, 4

| 2.8 A andNy»; | 2.5 A. Taking this structural hypothesis as a basi§oN and 6c - Nfitting,

we have got consistent fitting réts) characterized by excellent goodnressit. (D) GeS as well

as the host matrix (Hg&YGeS)os reveal a peak at 2.9 A associated with short Gz&e second

neighbour correlations in edgharing ESGeS, tetrahedra[76]. This peak disappears with
increasing« and becomes substituted byiew emerging and growing peak Mt 3.0 A related to

Ag-Ag second neighbour contacts.

Typical fitting procedure of the total correlation functions is showfigare Iil. 57| and the fitting

results are summariden|Table IIl. 6
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Figure lll. 57. Attribution of correlations in HEXRD total correlation functions for the pseudtiwnary
glasses, with (&3 =0.1, (b)x=0.25, (c)x=0.35,and (d)x =0.5. The boxes in magenta include the val

of BB¢.
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Table Ill. 6. Interatomic distancesy and coordination number@; for the pseuddernary(Agl)x(HgSh s
x2(GeS)o.sx2 glasses, %

Agl GeS Hg-S Ag-S Ag-l
Fracion  Ned) oy M) 0y N Opy M) Ogy
High-energy Xray diffraction
0.00 2.18 3.96 - - - -
0.10 2.19 4.00 2.36 2.69 2.56 2.00 2.70 2.00
0.20 2.19 4.00 2.36 2.54 2.53 2.01 2.71 2.00
0.30 2.18 4.00 2.36 2.06 2.51 1.99 2.72 1.99
0.40 2.18 3.98 2.36 2.00 2.53 1.99 2.75 1.99
0.50 2.18 4.00 2.37 2.01 2.56 2.02 2.76 2.01
Neutron diffraction
0.00
0.10 2.25 4.04 2.45 2.73 2.73 2.18 2.87 2.09
0.20 2.23 4.02 2.45 247 2.66 2.06 2.81 2.03
0.30 2.23 401 2.43 2.05 2.65 2.05 2.79 2.06
0.40 2.22 4.01 241 1.97 2.62 2.05 2.79 2.00
0.50 2.21 3.99 241 1.99 2.65 2.07 2.81 2.01
0.6 2.21 3.97 2.40 1.99 2.659 2.07 2.83 2.02

Uncertainties in the G8, HgS, AgS, Agl interatomic distanceare r0.01 A, r0.02A, r0.02 A, andr0.03 A,
respectively. Uncertainties in tiige-S, HgS, AgS, Agl coordination numbers ared.10, r0.10, r0.15, andr0.10,
respectively.

"average data for-®old and 4fold coordinated mercury

Over the composition range 0.06x d0.50, the shortrange of (Ag)(HQS) 5x2(AS2Ss)0.5x2

glasses is formed by GeStetrahedra, (Hgf)n chains, Hg@s and Agb.Sz» tetranhedrgTable

1. 6). Direct fitting the quasiernary glasses does not allogtinguishing between-#ld and 4

fold coordinated mercury. Instead, an average structural feature is obtained whose peak area
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reflects the 4old coordinated mercury fractionB®, if Nug.s> 2. In the quasibinary

(HgSK(GeS)1x system, B% increaseswith increasing HgS contentBf¢| 0.44 for equimolar
HgS/Ge$S composition X = 0.5)), suggesting the formation of agglomeratkrb, 4 tetrahedral
clusters for HgSich glasses at> 0.3. The trend is reversed with increasing siledide content
in the pseuddernary (AgIxX(HgShsx2(GeS)osxz system. The coordination numbéligs

decreases from 2.6€% = 0.0)to 2.06(x = 0.30), this is clearly related to the decreasé-fufld

coordinated mercury fractioB®s. Forx «0.3,HgSy4 2 tetrahedralo not exist any longe¥et, the
atomic structure igjoverned by Zold coordinated mercury sulfide HgS (helical (HgS2)n

chains) like in HgSpoor glasses.

After identifying the shortange order in the (AgHgShsx2(GeS)osx2 glasses, the next
guestion concerns the connectivity of Aglated structural unitsAIMD modelling of glassy

(Agl)0.1(AsS2Ss)0.9 (Figure 1. 4? shows that the major part of silver iodide exists as isdl&g|
monomers in the glass, connected in average to three sulfur atoms of the host matrix: The Ag

related unitsare distributed more or less randomly in the glass network. For the pszndoy
(Agl)x(HgSh.5x2(GeS)o.sx2 glasses withk d0.1 (Aglpoor glasses), we cannot clearly identify
the connectivity of Agelated units since the amplitude of-Ag correlation at 3:B.2 A, a key
parameter for Agtelated connectivity, is strongly affected by -Hdated second neighbor

correlations.

Nevertheles, the ternary Agtich glassesxX t 0.3) are fitted better witNag.ag © W KD QagZ L W K
ag =1, i.e., the previously isolated AgB,>» mixed tetrahedra form AgbSy-related chains above

x = 0.2. The electrical conductivity measurements of thesadpdetnary glasses as well as their
transport regimes confirm our conclusion. The-fgbr glassesx(d0.1) in both systems belong

to critical percolation domain. From structural point of view, the critical percolation regime is
characterized by a randomobile cation distribution, and the diffraction datsolated AgIS
monomers or E&\g2l>Ss2 dimerg are consistent with ionic transport properties. At higtye0.1,

the poweflaw compositional dependence of ionic conductiviey; T; R T, changes to an
exponential growth&; T, B 13T, and a modifieccontrolled regime. The modifier controlled
regime is characterized by a armndom mobile cation distribution. The Ag&:o-related chains,
forming preferatial conduction pathways, seem to be a clear structural basis of this transport
regime.
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Figure Ill. 58. (a) Total 04 (3 mercury coordination number vs Agl fraction and (b}&lmteratomic
distance in the AgHgS-Ge$S glasses.

A new variable which we have mentioned previously and it is necessary to discuss further is the

NHg-s.|Figure 11I. 58(a@) shows thalNng.s decreases as a function of Agl content, even though the
Hg/Ge renains 1:1. And ax § FRUUHVSRQGLQJ W Rkhgxbddomes Rughly +J $J 8§
8 L H D F R#I8 Cobrhiate€d\Hg species (k¢S). This change is reflected in the (i)

change of slope in ionic conductivity in the modieamtrolled region at 8 YerdHictivity

increase continues but at a lower rate; and (iiysysiematic changes in the structure factor and

total correlation functions.

To sum up, the ionic conductivity measurements reveals four distinct composition trettus: (i)

critical percolaibn below 24 at.% Ag, and (ii) the modifiecontrolled regime at higher silver

content, T> 4 at.% Ag, which is divided into three regions; they differ by their local structure. In

the LQWHUPHGLDWH UBDWLR®J WKHUH H[LVWV D PgHI@dRRUGL(
HgsrS). However, in theigh- $J, UHJL RQ DW  dhly chain structure of Hg exists.

Finally, at the limit of glas$orming region, X > 22 at.% Ag), it shows a plateau at the level of
conductivity. One already notices here some fragile behavior because it is very sensitive to
crystallization, evidencedyttheappearance of Agl micro/nasmystals in DSC measurements.
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I11.6 Structural differences between critical percolation and
modifier -controlled domainsand the structural role of silver
halides in AQ¥AS:S glasses

I11.6.1 Critical percolation vs modifier-controlled regime

The contrasting composition dependences of ionic conductivity in the critical percolation and
modifier-controlled domains suggest structural differences in diluted andchAgglasses. A
random distribution of silver species@ DW  $ Jréasdrahl®/ confirmed by smalhgle

neutron scattering of homogeneous:8#\s.S; glasses belonging to the both regid@%]. A
common mesoscopic feature of the two glass series was density fluctuations with a characteristic

DebyeBueche correlation distance of 188G A, similar to those observed for the

(AgBr)o.2(As2Ss)0.s sanple|Figure 1. 5| However, the Agelated difference scattering functiéns

ite3: Ay TU§U;6, appear to be different for Agoor and Agrich glasses, reflecting
homogeneous silver distabon in the critical percolation domain and some Ag clustering in the
modifier-controlled regiof39]. A nonrrandom silver distribution in Agich glasses was observed
in numerous diffraction studies of silver chalcogenidesgga, revealed by short g
correlations at 3 £87], [88], [96], [97], [111] This characteristic Ag\g separation appears to be
shorter than that calculated assuming a ransibrar distribution, e.g. using a Wign8eitz type

Eq|(ll.26)] Consequently, some local glass zones have higher silver content than the other, giving

rise to a modified glass netwofk12], widely used for description of catigith vitreous alloys
[113] £116].

1 The Agrelated difference scattering functions «:3; Ag TU%; 6 wereobtained by subtraction of the weighted
scattering functiongg v :3; Ay Tk, 8 for the glassy host from the scattering functiogs veeq w : 3 Ay Ti®; 0

for the AgS-As;Ss gIassesThe experimenta3;1V EHIRUH V XEWrohalired hyRiGg aXetadellverent
scattering crossection A Ty; ® where Tgand %are the atomic fraction and neutron coherent scattering length of
atom Erespectively.
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Figure 111. 59. (a) Connectivity analysis of Agg distributions in thex= 1.2 at.% Ag (critical percolatio
region) and x = 31.6 at.% Ag (modifieontrolled domain) glasses. The analyzed DIaTa correspont
to the average values of 10 simulation boxes containing eithex38&.2 at.% Ag) or 1007 (x = 31.
at.% Ag) silver, arsenic and sulfur atoms. (b) The Haven ragim Ag:S-As:S;, AgS-GeSGeS, and
Agl-As;Se; glasseq96], [117], [118] plotted as a function of reciprocal Agp distance, calculate
assuming a random distribution of silver. The solid magenta syshosv the* ¢ for thex= 1.2 and 31.€
at.% Ag glasses plotted using the derivedAgdistances from DFT modelling. The solid Iin
[N 59 (b) represents the result of a leagtiare fit of the experimental data misito Eq(11.25) . All
other lines are drawn as a guide to the eye.

We have used a DFT structural modelling of two&#\s>Ss glassesynpublished results of Dr
D Fontanari and Dr A Sokoldvo obtain quantitative estimations of Ag separation distares

in the critical percolation domainTE 1.2 at.% Ag) and modifiecontrolled region = 31.6 at.%

AQ).|Figure IIl. 59a) shows a connectivity analysis of DFT simulation boxes for the two glasses.

The derivative of the bound silver fractidno2: . g cN 0 Nfor the 1.2 at.% Ag glass is centered

at |12 A, indicating that the average derived-Ag separation appears to be nearly identical to

that calculated for a random silver distribution. In contrast2a, g N 0 Mhaximum for the 35

at.% Ag glass arises at shorter distances than expected for random distribution, in accordance with
the reported diffraction data for silvach chalcogenide glass¢®7], [88], [96], [97], [111]and
recentab initio MD modelling of (Ag@S).s(As2Ss)osglass[119]. The derived DFT distances were

used to plot the Haven ratibg of the two AgS-As2Ss compositiongFigure 111. 59b) shows the

2 The bound silver fractior2: . £ «N is defined as a fraction of silvepecies having at least one nearest or distant
neighbour at the distance
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Havenratio for ApS-As:Ss, AgQ.S-GeSGeS and AghAs»Se; glasse$96], [117], [118]plotted as
afunction of: N g e;” >, calculated assuming a random distribution of silver. Thim the critical
percolation domain follows Eq. (85) while the transition to the modifiecbntrolled region is
accompanied by a stdiie decrease of the Haven ratio frohg = 0.50.6 to *: = 0.30.4. This
norrmonotonic behavior was assumed to be related to a change in the silver distribution: (i)
random in the critical percolation domain, and (ii) random in the modifiecontrolled region.

The Haven ratio for #11.2 at.% Ag glass, plotted using the derived DFT distance, is located at the
regression line following Eq. (11.26 On the contrary, thé :for the 31.6 at.% Ag composition is
shifted to higher: N e’ > since the derived Ag\g separations shorter than that for random

distribution. The latter result also rasa question whether Eq. (11)2%as a wider applicability.
In other words, the change ingin the modifiercontrolled region also follows Eq. (11.9%ut it is

related to realhg-Ag distances which can be found using structural modelling.

Figure 1ll. 60. Schematic representation of infini Figure Ill. 61. Schematic representation of isolat
percolation clusters in the critical percolati AgY monomers or dimers in a disordered sil
domain. Previously isolated allowed volumes halide thioarsenate glass network in the criti
the glasscontaining mobile cations Mbecome percolation region based on initial RM
connected atT > Ty allowing the longrange configuration of a (Agly.2(As:Ss)o. glass.
diffusion. The dashed lines represent a limi

number of simplified ionic migration trajectorie

The majority of mobile cations are distribut

randomly in the disordered network and do

have other cations as sedcrmaighboursﬁ%?Q A

7-8 A
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The random silver distribution in the critical percolation domain is a key to explain the
conductivity invariance for AgYand AgS-AsSs glasses afT ” DW $J 7KH BAYHUDJH %
separation distance of 12 A prore implies the absence of direct-Ag contacts. It means the

silver sites are isolated in a disordered glass network in the critical percolation domain as it is
schematically shown i@ When Ag caion leaves its residence site and travels

throughout the glass network via infinite percolation clusters, the memory of its original chemical

form (sulfide or halide) vanishes rapidly with increasing the rseprare displacement.

Preliminary RMC modellig of neutron and higknergy Xray diffraction data for the
(Agl)o.aAAs2Ss)0.8 glass and AIMD simulations of glassy (AgljAs:Sg)o.e also shows that the

major part of silver iodide is present in the glass as isolated Agl mon¢Rmng IlI. 61} The

minority species are cornsharing Aglz> dimers. Further evolution of structural motifs with
increasing Tsuggests transformation of isolated oligomers into extended conduction pathways
formed by cornerand edgesharing silver chalcohalide units providing high ionic conductivity

suitable for various applications.

I11.6.2 Structural role of silver halides

The roleof metal halide salts is quite different from that of oxides and chalcogenides when these
salts are added to network gldesmers. It is well known that the addition of netwanodifying

metal oxides such as b@, Li-O [120] or metal chalcogenides such as8§121], Li>S[122] to

an oxide (BOs, P:Os, or SiQ) or chalcogenide network (ASs, GeS or PSs) results in breaking

the continuous networkransforming part of the bridging oxygen or sulfur into +witging
species. In this case, each metal cation (Ag, Na or Li) in the oxide or chalcogenide network will
bond to oxygen or sulfur forming terminal bonds. In contrast, the widely acceptedpuiet
implies that the alloying with metal halides (Agl, AgBr, AgCl, NaCl) leads to an expansion of the
glass network and the resulting free volurp8 L :8, F 8, ; 8 appears to be a key parameter

for high ionic conductivity, & &,1¢87 [123], [124] However, the culb scaling of ionic
conductivity with the free volume has limited applicability for chalcogenide glassés in
particular, for our pseudbinary glasses since the molar volume of Agjgsses either remains
constant (AglAs2Ss) or decreases (AgBAs,Sg), Chapter I.
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Raman spectroscopy, neutron and keglergy Xray diffraction results combined with
preliminary AIMD simulations show that at least in Ag\¥,Sz glasses the structural role of silver
halides is different. First, AgY molecules interact with tlesthglass network. Mixed silver
environment of either 3:1 (3S + 1Y) or 2:2 stoichiometry (2S + 2Y) is not consistent with a simple
role of silver halides as chemically inert agents for glass network expansion. Just in opposite, in
AgBr-As,;S; glasses the olar volume shrinks with increasing AgBr content while in AgbSs
vitreous counterparts, in spite of large ionic radius of iodine, the molar volume appears to be
invariant. Nevertheless, both AgBmd AgtAs,Sz glasses become superionic conductors. edix

silver environment in Ag¥elated units also indicates that interaction of silver cations with
bridging sulfur appears to be reminiscent of usual interactions between silver sulfide and glassy
host with the formation of nebridging sulfur species. Ramapectra of AgYAs:Ss and AgS-

As;S3 glasses have several similar features associated with formation -bfidgmg sulfur, in
particular, a higHrequency AsS stretching mode g870 cm?, typical for A3Ss rings in AgAsS

crystalline references, aledserved in AgAs-S glasses.

Looking on macroscopic molar volume of AgN>Ss glasses, a strong increase of the principal
peak in neutron and-¥ay structure factors, decrease in intensity and shift to higbéthe FSDP,

it appears to be difficult to avoid an apparent comparison with the effect of externakésgre

on the above mentioned parameters. In other words, the alloying with silver halides for glassy
As;Sz seems to be equivalent to a densifmaf the host network but this isemicallydriven
densification Unusual and unexpected increase of chemical disorder in glasSyfAsn 2-3 %

to |10 % just adding 1 mol.% of AgBr idsa@ evocative of high pressuraquid As;Ss at high
temperature rad pressures becomes unstable transforming into chemdiatiydered forms:

As:Sz ¢ AsS + AsS with homopolar AsAs and SS bonds[125] £127]. Similar results are
achieved at roortemperature and applied high pressBre 10 GP128]. Further studies and

computer simulations are needed to clarify this situation.

l1l.7 Conclusions
Two silver halide thioarsenatgY-As>Ss (Y = Br, 1) families have been studied usiRgman

spectroscopy, neutron and highergy Xray diffraction completed by RMC/DFT and AIMD
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structural modelling of the diffraction data. In addition, the known crystalline references in the
(Ag2SK(As2Ss)1-x quastbinary system have been synthesized amdiesd by Raman spectroscopy.
Scanning electron microscopy and small angle neutron scattering measurements have been used

to examine the glass homogeneity and mesoscopic features of these glasses.

Silver-poor glassesx ” DUH KRPRJHQHRXV RQ PHVRVFRSLF VFDO
fluctuations. In contrast, glasses with intermediate and high silver cortént, DUH- SKDVH
separated. For AgBAs,Ss glasses, antermediate silver concentratiofs X ), the Ag-

poor phase igredominantand the Agrich phase appears in the form of spherical droplets.
However, for high silver concentrations WKH VLWXDWLRQ FKD@igiHV GUDV'
phase becomes the dominant phase. This behavior could ettamrmonotonic change in

roomtemperature conductivity at= 0.4.

The diffraction results of glassy Ag&s>Ss show two unusual features: (i) the enhanced chemical
disorder characterized by the appearance ofA&shomopolar bonds af2.5 A in these
stachiometric glasses, and (i) mixed tetrahedral silver environment consisting $fafg AgY
nearest neighbors. The both structural features are confirmed by Raman spectroscopy and
preliminary AIMD modelling. The Raman spectra show 4isaquency vibratio modes at 180

and 230 crt characteristic of AgAs stretching. The intermediate steps in AIMD reveal both As

S and AsAs nearest neighbors, and Agand AgS contactsThe mixed silver environment in

AgY -related units indicates that interaction of sileations with bridging sulfur appears to be
reminiscent of usual interactions between silver sulfide and glassy host with the formation of non
bridging sulfur species. Raman spectra of A§%Ss and AgS-As;Ss glasses have several similar
features associatewith formation of norbridging sulfur, in particular, a higltequency AsS
stretching mode af370 cm', typical for AsSs rings in AgAsS crystalline references, also
observed in AgAs-S glassesConsequentlysilver halides are participating in traoshations of

the intermediate range orderAs;Sz glassy hosin contrast to the widely accepted point of view

that metal halides leave intact the original glass structure.

The stoichiometry of the mixed silver environment changes with increasing Ag¥ntdfitting
the 6: N of the AgY-diluted glasses«(” 0.10) shows a better agreement with the 3:1 stoichiometry
ratio (3S + 1Y nearest neighbors) while the concentrated vitreous atley8.R) yield a better

agreement with the 2:2 stoichiometry (2S ¥)2The x = 0.15 glass shows an intermediate
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behavior.The AIMD simulations are consistent with the experimental findings. These structural
results are also coherent with the conductivity data. Chemically invariant conductivity in the
critical percolatiordomain & / 0.1) is related to a random distribution of isolated AgQY monomers,
shown also in AIMD modelling of Ag-As>Ss glass with small silver content (1.2 at.% Ag). The
2:2 stoichiometry implies a nemandom silver distribution and formation of preferential

conduction pathways related to Ag and AgY chainlike structures.

AIMD modelling also shows a phaseparation patterfor the (AgBr)o.s5(As:Ss)o.5glass but not
for (Agl)o.1(As2Ss)o.9, iNn accordance witkexperimental results

Pulsed neutron and higlnergyX-UD\ GLUUDFWLRQ PHDVXUHPHQWYV IRU
glasses show that batlvo-fold and 4fold coordinated mercury speciase present simultaneously
starting from10 mol. % HgS.The chainlike (HgS2)n structural fragments appear to be
predominant;he tetrahedral mercury fractioBfg(x) increases with HgS content but reaches only
B24(x) | 0.3 for equimolar (HgS)(GeS)osglass. In contrast, glassy/crystalline (Hg®FeS)o.4

alloys reveal Bragg peaks of monoclinic 48gS and essentially tetrahedral mercury local
coordination. The emerging, first as a shoulder, growing and finally the most intense vibrational
mode at 31612 cm?, related to symmetric H§ stretching, is consistent with the diffraction

results.

Complementary stictural experiments using Raman spectroscopy, neutron aneeghy *
UD\ GLUUDFWLRQ DOOR Z-dcnfpéners @éi)(HYSNId {GCa®)s 44 KglRskses to
be decoded. The analysis of rsphce correlation function&; : N and 6 : N show tetrahedral Ge
local coordination, mixed HgS and Hg—S mercury environment, and iodine/sulfur nearest
neighbors around Ag cation sites. The S/I stoichiometry changes from 3:1-thldtghl glasses

(x / 0.1) to 2:2 for more concentratedtreious alloys X > 0.2), consistent with the critical
percolation and modifiecontrolled ion transport regimes. The tetrahedral mercury fragféix)
decreases between 10 and 30 mol.% Agl frefg(x) | 0.3 to B’gx) | 0 andappears to be
responsible for the change in ionic conductivys : T; isotherm; thed Z * Beys : T; 0 Tslope

decreases by a factor ¢2 at about 30 mol.% Agl.
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Chapter 1V: Development of
Hg?* chemical sensors based
on chalcogenide glasses
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IV.1 Introduction

The relation between the ionic transport andgy&isicture of the synthesized glasses are now well
developed. Therefore, in this chapter, we would like to study the application of these glasses as

chemical sensors.

Chalcogenide and chalcohalide glass membranes are new promising materials for tlealchemi
detection of heavy metal ions (HgCw*, Cd*, Pi¥*, C®*, TI*, etc.) and toxic anions {SCN,
arsenite and arsenate ions). Compared with commercially available devices based on crystalline

materials, chemical sensors based on chalcogenide gksses

1. Stability, reliability and much better chemical durability, which are extremely important
for in situ and continuous measurements. Therefore, the developed sensors can be used for
long periods without maintenance.

2. An almost unlimited ability to dopand modify the glasses in order to synthesize sensitive
materials with better analytical properties and thus develop new sensors.
Higher ppb sensitivity and low detection limit.

4. Higher selectivity in the presence of many interfering species.

In|Table IV.1|we are presented the norm concerning certain heavy metals in industrial atmospheric

emissions in France and the European Union.

Table IV.1. Heavy metal limit concentrations in industr@ér emissions in France and the European Union

[1].

Flow limit to Flow limit for in Concentration
Group number Elements start the control situ control limit
(9.h") (9.h") (mg.Nn3)
Cd, Hg, Tl 1 10 0.05 per metal
1 (Cd + Hg) 0.1 for the whole
group 1
As, Se, Te 5 50 1
3 Pb 10 100 1
4 Sb, Cr, Co, Cu, 25 500 5

Sn, Mn, Ni, V
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The column (IV)shows the flow limits for in situ monitoring. Mercury is found in the first group,
which is considered to be the most dangerous element from both environmental and health point

of views. The ionic form of Hg is graded among the most toxic.

IV.2 Bibliography

MHUFXU\ ZDV NQRZQ YHU\ ORQJ WLPH DJR DOUHDG\ E\ $QWLT
research on the physical and chemical properties of mercury had started at the same era. Mercury
science has always been interdisciplinary. But scientists havedstatierecently to integrate a
multi-tiered approach using chemistry, biology and human health sciences regarding the study of

mercury pollution.

7KH IROORZLQJ FKDSWHUYV SDUDJUDSKYV LQFOXGH DQ RYHU\
physical properés of mercury, (ll) toxicity of mercury, (lll) methods for analysis, and (IV)

mercuryselective electrodes.

IV.2.1Chemical and physical properties of mercury

Mercury is derived from the Latin name, hydragyrum, which means silver wd&mental
mercuryisfourG LQ WKH HDUWKYV FUXVW LQ RQO\ D OLPLWHG QXPE
nature is found mostly like the mineral cinnabar (HgS), but also like calomeiClhlg
Livingstonite (HgShSg) and Tiemannite (HgS¢2].

Mercury exists in three oxidation states:

x metallic mercury (H9,

X mercurous ion (Hg?),

X mercuric ion (Hg").
The principeé chemical and physical properties of the mercury species are presentedaelow.
reactions are at the origin of the conversions between the inorganic species of the oxidation states

0, +1 and +2 (discussed below).
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IV.2.1.a Metallic mercury (Hg°)

HgP° (elementhmercury), is a transition metal of group 12 of the periodic table being liquid at

room temperature, andhs:

X

X

X

X

X

atomic number of 80

atomic mass of 200.59 g. mol

density (13.58 g. ci) heavier than water
melting point 0f-39 Ci

boiling point of 357®

Its exceptional combination of properties permits it to be useful for many applications, for instance,
PHUFXU\ EDWWHULHY YDFXXP SXPSV EDURPHWHUV WKHUPR

It possesses other unique propertis[3]:

X

X

X

X

anomalously high vapor pressure for a heavy metal (14 vhaf 20 °C),

KLJK +HQU\JVY ODZ FRHIILFLHQW DW f&
high surface tension (mercuayr: 486.5 mN 1t at 20 °C),

low electrical conductivity (1.1xF05 nit),

low thermal conductivity (8 Wnt K1)

high expansion coefficient (a volume expansion coefficient of 180Ktbat 20 °C),

capacity to form amalgams with noble metals (gold, silver, platinum and palladium)

Mercury can exist as well in the gaseous state in the environment. It isrttieaait form in the

atmosphere. Most of natural waters are nearly saturated, or supersaturated according to

concentration of atmospheric Hg].

IV.2.1.b Monovalent mercury (Hg 22+)

The number of stable mercury (I) compounds is limited corresponding to the disproportionation

reaction. The particularity of this ion is the absence of the hydroxide iail imonovalent (1)

compounds, the mercury atoms are linked together by forAlggHg- group. All mercury (1)

compounds are fairly strong reducing agents.
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Mercury (1) chloride with the formula HgIl> is a mineral known as calomel. It is used for
prepariry the calomel reference electrodes in electrochemistry. This mineral has a particularity

also that at heating, it sublimates.

Most mercury (I) compounds are not soluble in water. The three following salts are considered as

an exceptionTable IV.2):

Nitrate : + BH(NOz3)2
Chlorate: + J(ClOs)2
Perchlorate: + %(ClOa)2

Table IV.2. Solubility constants of mercury (I) compounds in w§dér

Solubility in water
(9/100g HO)

Temperature
(€°)
0 8 20 30 35 40 50 60 70 99
Hg2(ClO4): 73.8 75.9 78.6 80.3 81.8 82 82.8 83.3 83.8 85.3

Ho:(NO3)» - - 36.76 - : : : : : :

These salts dissociate as well as all the alkaline salts; for example,sNaN@ercury (1+)

compounds are strong reducing agents.

Depending on the solubility producigable IV.3), we can say that monovalent mercury

compounds are almost all insoluble with different levels of solubility.
Mercury (1+) is nbpredisposed to form complexes because of:

X the disproportionation reaction

X the creation of weak covalent coordination bonds.
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Table IV.3. The solubility product of monovalent mercury compoufxds

< Compounds pKsp =-logKsp
1 Hg:Br» 2.7
2 HgCOs 16.05
3 HgzCo04 13
3 Hg.Cl> 17.88
4 Hg.CrOs 8.7
5 Hgal» 28.35
6 Hg2(103)2 13.71
7 HgHPQOy 12.40
8 Hg.0 22.8
9 Hg.S 47.0
10 Hg2(SCN) 19.52
11 HgSOs 27.0
12 HgSO 6.17
13 Hg.SeQ 14.2
14 Hg:WO4 16.96

IV.2.1.cBivalent mercury (Hg2*)

The most common oxidation state of mercury in naturg*idnorganic and organic bivalent
mercury compounds exist in gaseous, liquid and solid states. Their toxicity, solubility, vapor
pressure and reactivity vary sigodntly. Bivalent mercury is much more prevailing in water

medium than in the atmosphere.

It has a strong tendency to form complexes mainly with a coordination number 2 and 4. The
compounds with coordination number 5 and 8 are rare. The most stable xesnate those
formed with halides (for instance, (HgX) HgXz, (HgXs)” and (HgX)?), carbon, nitrogen,
phosphorus and sulfur. And with cyanides and thiocyanates, we have [H(Cahd
[Hg(SCN)J?.

Mercury forms with halogens toxic compounds that atedissociated in most cases. Mercury (I1)
iodide Hgb exists in two modifications: red (tetrahedral) and yellow (rhombohedral). The

transition from the red modification to the yellow one takes place at a temperature of 126 °C;
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however, the reverse traneit is slow and needs cooling. Mercury (Il) chloride Hg@te

transparent and toxic crystd§.

Mercury (1) oxide HgO also exists in two modifications: red and yellow. Significant differences
in electrical conductivity, dielectric permeability, and magnetic susceptibility of both
modifications were found. It can be said that the difference in coloring is caused by the strong
network distortion and the defect in the atomic distribuf&jn

Mercury (1) sulfide HgS known as cinnabar is the main mercury ore widespread in nature. It exists

in two modifications: red and black. HgS is soluble in aqua regia and hot nitriGhcid

Most mercury salts (ll) are soluble. They are as well dissociated as all the alkaline compounds of

NaNGQ; type. Mercury (II) compounds have the course of positive solubility with increasing

temperaturg@able IV.3
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In|Table 1V.4] we can find the stability constants of the mercury (Il) complexes in agueous

solutions.

Table 1V.4. Stability constants of meucy complexe$ig?* (pK = -logK) [5] .

PK1 PK 1,2 PK123 PK 1,234

NH; 8.8 17.5 18.5 19.3
F 1.5 6 - -
CI 6.74 13.22 14.07 15.07
Br- 9.05 17.33 19.74 21.00
|- 12.87 23.82 27.6 29.83
OH- 10.3 21.70 21.20 -
NOz 0.35 0 ) _
NOy ? ? ? 13.54
SCN ? 17.47 19.15 19.77
CN- 18.0 34.7 38.53 41.51
SeQ? ? 12.48 - -
SO 1.34 7.3 . -
SOs* ? 24.07 24.06 -
S0* ? 29.86 32.26 33.61
CsHsN 5.1 10.0 10.4 -

The nost stable complexes are those formed with the ligand(CII") and cyanide (CN. Their
stability varies from 188 for CN ligand to 1@ for SO ligand.

Generally, in the nature we distinguish two forms of mercury: waterborne and airhoun@ber

of mercury existing forms have not been directly analyzed. Actually, some fractions of mercury
can be detected based on the collection methods and releasing the elemental mercury after. These
forms are called operationally defined fractiohsimplified scheme of the forms of mercury that
occurs in water and air is shown Figure 1V.1 (the major operationally defined fractions are
indicated with bold]2].
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Figure IV. 1. A simplified diagram presenting the major chemical forms of mercury found in water and air.
DGHg = dissoled gaseous mercury, DMHg = dimethylmercury, HgR = reactive mercury, MMHg =
monomethylmercury, PHg = particuldteund mercury, RGM = reactive gaseous mercury, TAM = total
airborne mercury, THg = total mercui2j.

I\VV.2.1.d Stability of mercury compounds in water
The potentialpH diagram of mercury (also known as the Pourbaix diagram) is preserigdri
IV.2 (where total mercury concentration is 0.1 md).LThis diagram shows the areas of stable

mercury species in aqueous solutions. We can observe four domains:

Domain |: metallic mercury (H)
Domain |l : Hg?* species
Domain lll : Hg?* species

Domain IV: mercury (1) oxide

All ion-selective electrodes are sensitive to ions, and in our case mercury selective electrodes are
sensitive only to Hg ions. Thus it is necessary to pay attention to the potepttiadiagam of
mercury. It gives us information about the region of pH where mercury electrodes have a stable

potential. This pH also avoids precipitation of HgO.
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Figure IV. 2. Potential- pH diagram of mercury ([Hg] = 0.1 moli.[7].

An important factor to be taken into account while choosing a suitable analytical method is the
recognition that mercury can exist in a wide variety of chemical forms that may or may not be

liberated for analysis by the proceds adopted. The various fractions of inorganic Hg(ll) that can

exist in natural water systems are presentg8igare IV.3] The common aqueous species of

inorganic Hg(ll) in oxygenated freshwater are Hg(&HindHgCL®. In seawater, the dominant
inorganic forms are the chloride species (HGCHgCE, etc). In suboxic to anoxic waters,
polysulfide species can dominant (e.g. Bg¥ sulfide concentration levels exceed Hg
concentration levels. Hg(ll) also strogginteracts with colloids and suspended particles in
agueous systems to form colloidal or particuladend Hg forms. Mercury also forms numerous
stable complexes with wetlefined organic ligands (e.g. ethylenediaminetertraacteic acid EDTA)
and with disstved organic mercury compounds. Biologic transformations can convert Hg(ll) to

gaseous elemental Hg and methylated Hg forms. In tissues, mercury can be present in both
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