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Isoabsorptiorand spectraltemperaturestudiesof absorptionedgeof CusPS1o:3Clo-2 superionicmixed crystalsare per
formed. Phasdransitiontemperaturearedeterminedandthe transitionsareidenti ed. The optical absorptionredgeshapes
studiedin the temperatur@ange77-320K, the parametersf electron-phonotinteraction,resultingin the Urbachbehaiour
of the optical absorptionedge,are determined temperaturalependencesf the optical pseudogp and Urbachenegy are
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obtained.
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1. Intr oduction

CusPSX (X = I, Cl) superionicconductorshelong
to the compoundwith amgyrodite crystal structureand
are characterizedy high valuesof electricalconduc-
tivity andlow valuesof activationenegy [1-3]. At low
temperatureshesecrystalsundego two phasetransi-
tions, oneof thembeinga rst-order superionicphase
transitionwhichis realisedat T; = 170K for CugPSs!
and T, = 165K for CuxPSClI, and the otheris a
second-ordesstructural phasetransition which is re-
alisedat T;; = 269K for CusPSl and T, = 241K
for CusPSCI [4,5]. At roomtemperaturdT > Ty)
CusPSX crystalsbelongto the cubicsyngory (F 43m
spacegroup)[1]. Accordingto Ref.[6], atT; < T <
T CusPSI crystalsbelongto a cubic superstructure
(F 43c spacegroup),whileat T < T, to themonoclinic
syngoty (Cc spacegroup).

Thermodynamical,dielectric, acoustic, and opti-
cal propertiesof CusPSX crystalswere studiedin
Refs. [4,5,7-12]. It should be noted that the ear
lier studiesof CusPS1 crystalabsorptioredgeat high
absorptionlevels have shavn the existenceof bound
andfree excitonsat temperaturebelon the superionic
phasetransition,which undego considerablehanges
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with the temperaturéncrease[11]. At the transition
to the superionicstatenot only the exciton structure
is changed,but also exponential parts at the long-
wave absorptionedgeappear Contraryto CugPSsl,
in CugPSCI crystal[12] no excitonic bandsare ob-
sened nearthe absorptionedgeat low temperatures.
At T > T, for CuePSX crystalsthe temperaturéoe-
haviour of exponentialpartsof the absorptionedgeis
describedy theempiricalUrbachrule [13]:

0rTY = ¥h° i Eo)* _
®h°;T) = @y exp e
h°j Eo’ .
® exp Eu(T) 1)
whereE istheUrbachenegy (areciprocalof theab-
sorptionedgeslopeEb1 = ¢(In ®)=¢( h°)), %is the
absorptioredgesteepnesparameter®y andkg arethe
convergencepoint coordinate®f the Urbachbundle.
The presentwork is aimed at the crystal growth,
isoabsorptionandspectraktudiesof opticalabsorption
edgeaswell asin uence of I! Cl anionicsubstitution
andrelatedcompositionatlisorderingof thecrystallat-
ticeonthephasdransitionsandopticalabsorptioredge
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parametersn CugPSslo:sClo.2 superionicmixed crys-
tals.

2. Experiment

CusPSlo:8Clp.2 mixed crystalswere growvn using
chemicalvapourtransporimethod.The synthesigrom
extrapureCu, P, S,andCuX (X = I, Cl) compounds,
additionallypuri ed by distillationin vacuumwasper
formed. 10-20mg of Cul and CuCl in correspond-
ing proportionper 1 cm® of the ampoulefree volume
wereusedasa transportagent. The temperaturet the
hot end of the vesselwas kept at 923 to 973 K, and
at the cool oneat 873to 923 K. Thusgrown crystals
hadtheshapeof plane-paralleplates(5£ 5£ 2 mmq) or
distortedtetrahedrong4£ 4£ 4 mm®).

The isoabsorptiortemperaturestudiesconsistedn
measuringthe absorptionedgeenegy position Eé@ at
the x edvalueof absorptiorcoefcient ®. Spectrabe-
pendencef theabsorptiorcoefcient ® wasstudiedin
the temperatureange77-320K usingthe set-upde-
scribedin Ref.[14]. A MDR-3 diffraction monochro-
matorwasusedfor transmittancendre ectancemea-
surementsThe spectraklit wasaboutl A. A UTREX
cryostatwasapplied,the temperaturéeing stabilized
within 0.1 K. The linear absorptioncoefcient ® asa
function of transmittanc& r andre ection of the sur
faceR werecalculatedusingthe well-known formula,

which takes into accountmultiple internal re ections

[14]:
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whered denotesthe plane-parallelsamplethickness.
The samplethicknessesn our measurementsaried
from 50to 1001 m, therelative errorin theabsorbance
measuremenits ®=®notexceedingl0%at0.3- ®d -
3[15].

3
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3. Resultsand discussion

The isoabsorptionstudiesshaved that within the
temperaturentenval 77-130K the spectralpositionof
absorptioredgeEé@ remainsunchangedatT > 130K
the absorptioredgeshiftsto the long-wavelengthside,
atT, = (1848 1) K (determinedat heating)theanoma-
lous stepwisebehariour of the E with dE$=dT > 0
is obsered(Fig. 1). Thestepwisébehaiour of Eé@ and
temperaturénysteresist T = 6 K describethe phase
transitionat T = T, asthe rst-order phasetransi-
tion. The long-wavelengthshift of absorptionedgeis
obseredatT > T, andtypical changeof the slopeof
theEé@(T) plotis realizedin thetemperaturénterval of
thesecond-ordephasdransitionT;; = (240—-260)K.

Absorption edge studiesin CugPSl.gClg.2 crys-
tals have shavn that in the temperaturanterval un-
der investication the absorptionedgehasexponential
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Fig. 1. Temperaturelependencesf the optical pseudogpE 4 (1) andabsorptioredgeenegy positionE? at®= 250cm ! (2) atcooling
andheatingin CusPS Clo:210:5 mixedcrystals.Thesolid linesaredravn to guidethe eye, thedashedine is obtainedby tting thedatafor
T > T, totheEq.(4).
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shape,at T > T, the temperaturebehaiour of ab-
sorptionedgeis describedoy the Urbachrule, the co-
ordinatesof the Urbachabsorptionedgecorvergeny
point remainunchanged&t T = T, andhave theval-
ues® = 4.040° cm ! andEg = 2.229¢V (Figs. 2,
3). Fromthe temperaturedlependencef the absorp-
tion edge steepnesparameterys the parametersof

electron—phonomteraction(EPI) areobtainedaccord-
ing to [16]:
H l

2kT !

WT) = Y%p—— ttanh L2 3

AT) o~!p¢an KT 3)

where~! , is the effective phononenepy in a single-
oscillatormodel,describinghe EPI,and¥g is aparam-
eterrelatedto the EPI constantg via % = (2=3)g' 1.

Fig. 2. Spectraldependencesf CusPSClo.210:5 mixed crystalabsorptioncoefcient at varioustemperaturesi at 83K, 2 at 140K, 3 at
160K, 4 at180K, 5at200K, 6 at220K, 7 at240K, 8 at260K, 9 at280K, 10at300K.

Fig. 3. Spectraldependencesf the Urbachabsorptionedgefor CusPS Clo-210:5 mixed crystalsat varioustemperaturesi at 200K, 2 at
220K, 3 at240K, 4 at260K, 5 at280K, 6 at 300K. Theinsetshowvs thetemperatur@ependencef steepnesparamete#
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Table1. Corvergencepoint coordinate®y andE, of the Urbachabsorptioredge,

parameterf EPI ~! , and ¥, Einsteintemperaturef g, phasetransitiontem-

peraturesl; andT,, parameter& §(0), Sy, (Eu)o, and(Eu): for CusPSI and
CuwsPSCl singlecrystalsaswell asfor CusPSs1o:5Clo:2 mixedcrystals.

Crystal CuwsPSsl CusPSClo:2lo:s CuwsPSClI
Temperaturgegion T>T, T<T, T>T, T<Ty, T>T, T<Ty
®p, cm ! 2.96110° 4.0410° 4.26110

Eo, eV 2.230 2.229 2.776

Y 1.55 1.52 1.34 1.51 0.27 0.28
~l p, meV 32 27 22 36 57 58
£e,K 371 313 252 416 662 673
(Eu)o, meV 9.6 9.9 8.2 11.8 105.5 104.8
(Eu)1, meV 23.2 15.8 16.2 23.8 191.8 200.0
Eg(0), eV 2.152 2.157 2.173 2.170 2.384 2.392
Sy 5.6 5.4 6.1 5.9 12.0 145
T,K 170 184 165

T, K 269 240-260 241

Thevaluesof the effective phononenegy ~! , andthe
EPI paramete®/, obtainedat the descriptionof ¥(T)
dependencéseethe insetsto Fig. 3), arelistedin Ta-
ble 1. For comparisorthe Urbachedgeparameterand
EPI parameteraswell asthe phasdransitiontemper
aturesfor CugPS1 and CusPSCl single crystalsare
alsolistedin Tablel. In CusPSl.gClo.2 mixedcrys-
tals¥% > 1, this beingthe evidencefor weakEPI[17].
It shouldbe notedthatin the rangeof the phasetran-
sitionsthe featuresin the temperaturedependencef
Ysareobsened (seetheinsetsto Fig. 3) aswell asthe
variationof ~! , and ¥y parametevaluesat T = T,
(Tablel).

Temperatur@lependencesf the Urbachabsorption
edgeparameters-opticalpseudogpE ; (Eg is theab-
sorptionedgeenegy positionatthe x edvalueof the
absorptioncoefcient ® = 1000cmi ! [12]) and Ur-
bachenegy Ey areshowvn in Fig. 4. Thetemperature
dependencesf Eg andEy for thetemperatureange
wherethe Urbachshapeof absorptioredgeis obsened
arewell describedn theframework of Einsteinmodel
by therelationshipg18,19]

' HEEﬂ Lil
Eq(T)=Eg(0) i Sgk£e exp Ea 1

Eu=(Eu)o+ (Eu)1 exp ;

WhereSS isadimensionlessonstanbf interaction£ g
is the Einsteintemperaturecorrespondingo the av-
eragefrequeng of phononexcitationsof a systemof
non-interactingoscillators,(Ey)o and(Ey)1 arecon-
stantvalues. The Einsteintemperaturds relatedto
the DebyetemperatureE p as£ g Y4 (3=4)E p [20].

The adjustmentparametersE §(0), Sg, £&, (Eu)o,
and(Ey); arelistedin Table1l. The mostnoticeable
anomalyin the rangeof the phasetransitionsis ob-
senedatT = T, in thetemperaturelependencef E
(Fig. 4). Otherfeaturesare revealedweakly that can
be relatedto the CusPSslo.8Clg.2 mixed crystallattice
disordering.

The Urbachenepy is known to characterizéhe de-
greeof edgesmearingdueto the crystallattice disor
dering causedby speci c featuresof its structureas
well asinducedby externalfactors[21]. Besidesthe
temperature-relatedisorderingdue to thermalvibra-
tionsof thelattice,superioniccrystalsarecharacterized
by structuraldisordering.In superionicconductorghe
structuraldisorderings causedy non-equvalencebe-
tweenthe numberof mobile ions and positionswhich
they canoccupy, andis relatedonly to the sublattice
of the mobile ions sincethe rigid sublatticepreseres
its regular structure. In Ref. [12] it was shavn for
CusPSX crystalsthatin fast-ionconductorghe struc-
tural disorderingin superionicphaseconsistsof two
components- dynamicaland static. Static structural
disorderingin CusPSX crystals,dueto the structure
de ciency, resultsin local non-uniformelectric elds
which,in turn, resultin additionalsmearingf theband
edges.Dynamicalstructuraldisorderingin the super-
ionic phasearisesdueto the hoppingmotion of copper
ions participatingin ion transportand providing high
ionic conductvity.

In CusPS510:8Clo.2 mixedcrystals,besideghetem-
perature-relate@dueto the lattice thermalvibrations)
and structural(staticand dynamical)disorderingtypi-
cal of pureCusPSX crystals,compositionadisorder
ing shouldalso be revealed. Accordingto Ref. [22],
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Fig. 4. Temperaturelependencesf the opticalpseudogpE 4 (1) andUrbachenepy Ey (2) for CusPSClo:210:s mixedcrystals.Thelines
aredravn to guidetheeye.

the effect of differenttypesof disorderingon the Ur-
bachenegy in mixedcrystalsis givenby

Eu = (Eu)x+ (Eu)T *+ (Eu)c = (Eu)x;c+ (Eu)T

(6)
where(Ey)x and(Ey)c arethecontributionsof static
structuraland compositionaldisordering respectiely,
and(Ey)t re ectstheeffectof temperature-dependent
types of disordering. It follows from the compari-
son of Egs.(5) and (6) that (Ey)x.c =~ (Eu)o and
(Eu)t ~ (Eu)i=lexp(E£ e=T) i 1]. Thisenableone
to estimatethe contritution of varioustypesof disor
deringinto theUrbachenegy E . Theperformedcal-
culationshave shown thatthe contritution of (Ey)x.c
into Ey atT = 300K is 40% while that of (Ey)t
is 60%. Thus,the absorptionedgesmearingat T =
300 K resultsmostly from the effect of temperature-
dependentypesof disordering,. e. the effect of ther
mal vibrationsof the lattice and dynamicalstructural
disorderingin the superionigphasedueto the hopping
motionof copperions.

4. Conclusions

Absorptionedgestudiesin CugPSlo.gClo.2 mixed
crystalshave shavn thatin thetemperaturénterval un-
der investication the absorptionedgehasexponential
shapeatT > T, thetemperaturdehaiour of absorp-
tion edgeis describedoy the Urbachrule, the coordi-
natesof the Urbachabsorptioredgecorvergeng point
remainunchanged@tT = T,;,. Fromthetemperature

dependencef the absorptionedgesteepnesparam-
eter ¥ the parameter®f electron—phonotinteraction
areobtained.Thetemperaturelependencesf Urbach
absorptioredgeparametersuchasoptical pseudogp
Eg andUrbachenegy Ey arewell describedn the
framework of Einsteinmodel. The analysisof Urbach
absorptioredgehasshavn achangeof thecharacteof
the temperaturedependencesf % Ey, andEg to be
obsenedatthe phasdransitions.
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OPTINIO SUGERTIES KRASTO TEMPERATURINIS ELGESYS IR FAZINIAI VIRSMAI
CusPSs10:8Clo.2 SUPERJONINIAME LAIDININKE

|.P. Studeryak?, V.Yu. Izai?, V.V. Panko 2, A.F. Orliukas®, E. Kazalevicius®, F. Koleli ¢, M. DudukcLf,
R. Aydin®

& U horodonacionalinisunivesitetas,U horodas,Ukraina
b Vilniaus univessitetoFizikos fakultetas Mlnius, Lietuva
¢ Mersinounivesitetas Mersinas, Turkija

Santrauka

Atlikti maiSytoCusPS1o.5Clo.2 kristaloizosugertiesr suger
ties kraStospektriniaibei temperatriniai tyrimai, identi kuoti fa-
ziniai virsmaiir ivertintosju temperatiros. Optinessugertiekrasto

formabuvo tiriama 77-300K temperairoje, nustatytioptinessu-
gertieskrastoUrbachoelges lemiarcioselektronaoir fononosavei-
kos parametrabei optinio pseudotarpdr Urbachoenepijos tem-
peratirinespriklausomytes.



