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Isoabsorptionandspectraltemperaturestudiesof absorptionedgeof Cu6PS5 I0:8Cl0:2 superionicmixed crystalsareper-
formed. Phasetransitiontemperaturesaredeterminedandthetransitionsareidenti�ed. Theopticalabsorptionedgeshapeis
studiedin thetemperaturerange77–320K, theparametersof electron-phononinteraction,resultingin theUrbachbehaviour
of the optical absorptionedge,are determined,temperaturedependencesof the optical pseudogap and Urbachenergy are
obtained.
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1. Intr oduction

Cu6PS5X (X = I, Cl) superionicconductorsbelong
to the compoundwith argyroditecrystalstructureand
arecharacterizedby high valuesof electricalconduc-
tivity andlow valuesof activationenergy [1–3]. At low
temperaturesthesecrystalsundergo two phasetransi-
tions,oneof thembeinga �rst-order superionicphase
transitionwhich is realisedat TI = 170K for Cu6PS5I
and TI = 165 K for Cu6PS5Cl, and the other is a
second-orderstructuralphasetransition which is re-
alisedat TI I = 269 K for Cu6PS5I andTI I = 241 K
for Cu6PS5Cl [4,5]. At room temperature(T > TI I )
Cu6PS5X crystalsbelongto thecubicsyngony (F ¹43m
spacegroup)[1]. Accordingto Ref. [6], at TI < T <
TI I Cu6PS5I crystalsbelongto a cubic superstructure
(F ¹43c spacegroup),while atT < TI to themonoclinic
syngony (Cc spacegroup).

Thermodynamical,dielectric, acoustic, and opti-
cal propertiesof Cu6PS5X crystals were studied in
Refs. [4,5,7–12]. It should be noted that the ear-
lier studiesof Cu6PS5I crystalabsorptionedgeat high
absorptionlevels have shown the existenceof bound
andfreeexcitonsat temperaturesbelow thesuperionic
phasetransition,which undergo considerablechanges

with the temperatureincrease[11]. At the transition
to the superionicstatenot only the exciton structure
is changed,but also exponential parts at the long-
wave absorptionedgeappear. Contrary to Cu6PS5I,
in Cu6PS5Cl crystal [12] no excitonic bandsare ob-
served nearthe absorptionedgeat low temperatures.
At T > TI for Cu6PS5X crystalsthe temperaturebe-
haviour of exponentialpartsof the absorptionedgeis
describedby theempiricalUrbachrule [13]:
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whereEU is theUrbachenergy (a reciprocalof theab-
sorptionedgeslopeE ¡ 1

U = ¢(ln ®)=¢( hº )), ¾is the
absorptionedgesteepnessparameter, ®0 andE0 arethe
convergencepoint coordinatesof theUrbachbundle.

The presentwork is aimed at the crystal growth,
isoabsorption,andspectralstudiesof opticalabsorption
edgeaswell asin�uence of I! Cl anionicsubstitution
andrelatedcompositionaldisorderingof thecrystallat-
ticeonthephasetransitionsandopticalabsorptionedge
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parametersin Cu6PS5I0:8Cl0:2 superionicmixed crys-
tals.

2. Experiment

Cu6PS5I0:8Cl0:2 mixed crystalswere grown using
chemicalvapourtransportmethod.Thesynthesisfrom
extra pureCu, P, S, andCuX (X = I, Cl) compounds,
additionallypuri�ed by distillationin vacuum,wasper-
formed. 10–20mg of CuI and CuCl in correspond-
ing proportionper 1 cm3 of the ampoulefree volume
wereusedasa transportagent.Thetemperatureat the
hot end of the vesselwas kept at 923 to 973 K, and
at the cool oneat 873 to 923 K. Thusgrown crystals
hadtheshapeof plane-parallelplates(5£ 5£ 2 mm3) or
distortedtetrahedrons(4£ 4£ 4 mm3).

The isoabsorptiontemperaturestudiesconsistedin
measuringthe absorptionedgeenergy positionE ®

g at
the�x edvalueof absorptioncoef�cient ®. Spectralde-
pendenceof theabsorptioncoef�cient ®wasstudiedin
the temperaturerange77–320K using the set-upde-
scribedin Ref. [14]. A MDR-3 diffractionmonochro-
matorwasusedfor transmittanceandre�ectancemea-
surements.Thespectralslit wasabout1 Å. A UTREX
cryostatwasapplied,the temperaturebeingstabilized
within 0.1 K. The linear absorptioncoef�cient ® asa
functionof transmittanceTr andre�ection of thesur-
faceR werecalculatedusingthewell-known formula,

which takes into accountmultiple internal re�ections
[14]:

® =
1
d

½
(1 ¡ R)2

2Tr
+

s ·
(1 ¡ R)2

2Tr

¸ 2

+ R2
¾

; (2)

whered denotesthe plane-parallelsamplethickness.
The samplethicknessesin our measurementsvaried
from 50 to 100¹ m, therelativeerrorin theabsorbance
measurements¢ ®=®notexceeding10%at0.3· ®d ·
3 [15].

3. Resultsand discussion

The isoabsorptionstudiesshowed that within the
temperatureinterval 77–130K thespectralpositionof
absorptionedgeE ®

g remainsunchanged,atT > 130K
theabsorptionedgeshiftsto thelong-wavelengthside,
atTI = (184§ 1) K (determinedatheating)theanoma-
lousstepwisebehaviour of theE ®

g with dE ®
g =dT > 0

is observed(Fig.1). Thestepwisebehaviour of E ®
g and

temperaturehysteresis¢ T = 6 K describethe phase
transitionat T = TI as the �rst-order phasetransi-
tion. The long-wavelengthshift of absorptionedgeis
observedat T > TI andtypical changeof theslopeof
theE ®

g (T) plot is realizedin thetemperatureinterval of
thesecond-orderphasetransitionTI I = (240–260)K.

Absorption edgestudiesin Cu6PS5I0:8Cl0:2 crys-
tals have shown that in the temperatureinterval un-
der investigation the absorptionedgehasexponential

Fig. 1. Temperaturedependencesof theopticalpseudogapE ¤
g (1) andabsorptionedgeenergy positionE ®

g at ® = 250cm¡ 1 (2) at cooling
andheatingin Cu6PS5Cl0:2 I0:8 mixedcrystals.Thesolid linesaredrawn to guidetheeye, thedashedline is obtainedby �tting thedatafor

T > TI I to theEq.(4).
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shape,at T > TI the temperaturebehaviour of ab-
sorptionedgeis describedby theUrbachrule, theco-
ordinatesof the Urbachabsorptionedgeconvergency
point remainunchangedat T = TI I andhave the val-
ues®0 = 4.04¢105 cm¡ 1 andE0 = 2.229eV (Figs.2,
3). From the temperaturedependenceof the absorp-
tion edgesteepnessparameter¾, the parametersof

electron–phononinteraction(EPI)areobtainedaccord-
ing to [16]:

¾(T) = ¾0
2kT
~! p

¢tanh
µ

~! p

2kT

¶
; (3)

where~! p is the effective phononenergy in a single-
oscillatormodel,describingtheEPI,and¾0 is aparam-
eterrelatedto the EPI constantg via ¾0 = (2=3)g¡ 1.

Fig. 2. Spectraldependencesof Cu6PS5Cl0:2 I0:8 mixedcrystalabsorptioncoef�cient at varioustemperatures:1 at 83 K, 2 at 140K, 3 at
160K, 4 at180K, 5 at200K, 6 at220K, 7 at240K, 8 at260K, 9 at280K, 10at300K.

Fig. 3. Spectraldependencesof theUrbachabsorptionedgefor Cu6PS5Cl0:2 I0:8 mixedcrystalsat varioustemperatures:1 at 200K, 2 at
220K, 3 at240K, 4 at260K, 5 at280K, 6 at300K. Theinsetshows thetemperaturedependenceof steepnessparameter¾.
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Table1. Convergencepoint coordinates®0 andE0 of theUrbachabsorptionedge,
parametersof EPI ~! p and ¾0 , Einstein temperature£ E , phasetransition tem-
peraturesTI andTI I , parametersE ¤

g (0), S¤
g , (EU )0 , and(EU )1 for Cu6PS5 I and

Cu6PS5Cl singlecrystalsaswell asfor Cu6PS5 I0:8Cl0:2 mixedcrystals.

Crystal Cu6PS5 I Cu6PS5Cl0:2 I0:8 Cu6PS5Cl

Temperatureregion T > TI I T < TI I T > TI I T < TI I T > TI I T < TI I

®0 , cm¡ 1 2.96¢106 4.04¢105 4.26¢104

E0 , eV 2.230 2.229 2.776
¾0 1.55 1.52 1.34 1.51 0.27 0.28
~! p , meV 32 27 22 36 57 58
£ E , K 371 313 252 416 662 673
(EU )0 , 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
E ¤

g (0), eV 2.152 2.157 2.173 2.170 2.384 2.392
S¤

g 5.6 5.4 6.1 5.9 12.0 14.5
TI , K 170 184 165
TI I , K 269 240–260 241

Thevaluesof theeffective phononenergy ~! p andthe
EPI parameter¾0, obtainedat thedescriptionof ¾(T)
dependence(seethe insetsto Fig. 3), arelisted in Ta-
ble1. For comparisontheUrbachedgeparametersand
EPI parametersaswell asthephasetransitiontemper-
aturesfor Cu6PS5I and Cu6PS5Cl single crystalsare
alsolisted in Table1. In Cu6PS5I0:8Cl0:2 mixedcrys-
tals¾0 > 1, this beingtheevidencefor weakEPI [17].
It shouldbe notedthat in the rangeof the phasetran-
sitions the featuresin the temperaturedependenceof
¾areobserved(seethe insetsto Fig. 3) aswell asthe
variationof ~! p and¾0 parametervaluesat T = TI I

(Table1).
Temperaturedependencesof theUrbachabsorption

edgeparameters– opticalpseudogapE ¤
g (E ¤

g is theab-
sorptionedgeenergy positionat the �x edvalueof the
absorptioncoef�cient ® = 1000cm¡ 1 [12]) andUr-
bachenergy EU areshown in Fig. 4. Thetemperature
dependencesof E ¤

g andEU for the temperaturerange
wheretheUrbachshapeof absorptionedgeis observed
arewell describedin theframework of Einsteinmodel
by therelationships[18,19]
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g k £ E
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exp
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·
exp
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¶
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whereS¤
g isadimensionlessconstantof interaction,£ E

is the Einstein temperaturecorrespondingto the av-
eragefrequency of phononexcitationsof a systemof
non-interactingoscillators,(EU)0 and(EU)1 arecon-
stant values. The Einstein temperatureis relatedto
the Debyetemperature£ D as £ E ¼ (3=4)£ D [20].

The adjustmentparametersE ¤
g(0), S¤

g , £ E , (EU)0,
and(EU)1 arelisted in Table1. The mostnoticeable
anomalyin the rangeof the phasetransitionsis ob-
servedatT = TI in thetemperaturedependenceof EU

(Fig. 4). Other featuresare revealedweakly that can
be relatedto theCu6PS5I0:8Cl0:2 mixedcrystallattice
disordering.

TheUrbachenergy is known to characterizethede-
greeof edgesmearingdueto the crystal lattice disor-
dering causedby speci�c featuresof its structureas
well as inducedby external factors[21]. Besidesthe
temperature-relateddisorderingdue to thermalvibra-
tionsof thelattice,superioniccrystalsarecharacterized
by structuraldisordering.In superionicconductorsthe
structuraldisorderingis causedby non-equivalencebe-
tweenthe numberof mobile ions andpositionswhich
they canoccupy, and is relatedonly to the sublattice
of the mobile ions sincethe rigid sublatticepreserves
its regular structure. In Ref. [12] it was shown for
Cu6PS5X crystalsthatin fast-ionconductorsthestruc-
tural disorderingin superionicphaseconsistsof two
components– dynamicaland static. Static structural
disorderingin Cu6PS5X crystals,due to the structure
de�ciency, resultsin local non-uniformelectric �elds
which,in turn,resultin additionalsmearingof theband
edges.Dynamicalstructuraldisorderingin the super-
ionic phasearisesdueto thehoppingmotionof copper
ions participatingin ion transportandproviding high
ionic conductivity.

In Cu6PS5I0:8Cl0:2 mixedcrystals,besidesthetem-
perature-related(dueto the lattice thermalvibrations)
andstructural(staticanddynamical)disorderingtypi-
cal of pureCu6PS5X crystals,compositionaldisorder-
ing shouldalso be revealed. According to Ref. [22],
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Fig. 4. Temperaturedependencesof theopticalpseudogapE ¤
g (1) andUrbachenergy EU (2) for Cu6PS5Cl0:2 I0:8 mixedcrystals.Thelines

aredrawn to guidetheeye.

the effect of different typesof disorderingon the Ur-
bachenergy in mixedcrystalsis givenby

EU = (EU)X + (EU )T + (EU)C = (EU)X;C + (EU )T ;
(6)

where(EU )X and(EU)C arethecontributionsof static
structuralandcompositionaldisordering,respectively,
and(EU)T re�ects theeffectof temperature-dependent
types of disordering. It follows from the compari-
son of Eqs. (5) and (6) that (EU)X;C ´ (EU )0 and
(EU )T ´ (EU )1=[exp(£ E=T) ¡ 1]. This enablesone
to estimatethe contribution of varioustypesof disor-
deringinto theUrbachenergy EU . Theperformedcal-
culationshave shown thatthecontribution of (EU)X;C

into EU at T = 300 K is 40% while that of (EU)T

is 60%. Thus, the absorptionedgesmearingat T =
300 K resultsmostly from the effect of temperature-
dependenttypesof disordering,i. e. theeffect of ther-
mal vibrationsof the lattice anddynamicalstructural
disorderingin thesuperionicphasedueto thehopping
motionof copperions.

4. Conclusions

Absorptionedgestudiesin Cu6PS5I0:8Cl0:2 mixed
crystalshaveshown thatin thetemperatureinterval un-
der investigation the absorptionedgehasexponential
shape,at T > TI thetemperaturebehaviour of absorp-
tion edgeis describedby the Urbachrule, the coordi-
natesof theUrbachabsorptionedgeconvergency point
remainunchangedat T = TI I . From the temperature

dependenceof the absorptionedgesteepnessparam-
eter¾, the parametersof electron–phononinteraction
areobtained.Thetemperaturedependencesof Urbach
absorptionedgeparameterssuchasopticalpseudogap
E ¤

g and Urbachenergy EU are well describedin the
framework of Einsteinmodel. Theanalysisof Urbach
absorptionedgehasshown achangeof thecharacterof
the temperaturedependencesof ¾, EU , andE ¤

g to be
observedat thephasetransitions.
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Cu6PS5I0;8Cl0;2 SUPERJONINIAME LAIDININKE
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Santrauka

Atlikti maišytoCu6PS5 I0;8Cl0;2 kristalo izosugertiesir suger-
tieskraštospektriniaibei temperat̄uriniai tyrimai, identi�kuoti fa-
ziniai virsmaiir �ivertintosj �u temperat̄uros.Optin�essugertieskrašto

formabuvo tiriama77–300K temperat̄uroje,nustatytioptin�essu-
gertieskraštoUrbachoelges�i lemian�cioselektronoir fononos�avei-
kos parametraibei optinio pseudotarpoir Urbachoenergijos tem-
perat̄urin�espriklausomyb�es.


