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¥CC-BCC phase transition, which occurs in the
high-temperature, supsrionic phase of Cuz_xAnge_
at- x ncar 1.4, is describzd as a possible con-
sequence of the energy increase of Cu2+ ions cau-
sed by dilution of Cu subsystem with Ag ions.

Introduction

Almost all simple Cu and Lg superionic conductors (SIC) consist
of order=d, dense-packzd FCC or BCC lattices of anions and disordered,
licuid-like cation subsystems. FCC packing is characteristic for the
high-t=mperature phuases of copper salts while BCC packing predominates
in the high-tempcrature phases of silvervsaltsl. The nature of cation
disordsr znd its consequences are ;uite different in FCC and BCC stru-
ctures. Ionic conductivity, for cexample, is higher in BCC than in FCC
phases. It has also smaller activation energy (about 4kJ/mol vs, about
16kJ/mol). FCC phases in zddition usually exhibit ths order-disorder
transitions which do not appszar in simple BCC salts. As it is kmovm,
these differcnces may be easily explained by the existence of two ty-
pes of nonecuivalent cstion sites in FCC anion lattices and only one
type of equivalent sites in BCC lattices. This work deals with a detai-
1zd picture of cation disorder in CuySe (FCC) and Ag,Se (BCC), and with
the changes in it after the two compounds are mixed together giving the
ternary compound Cué_xAnge. Thzre is a vary simple explanation of the
FCC-BCC transition induced by variation of x in this picture

Cation disorder in Cu,Se and Ag,Se

A unit cell of Cuzse is found to contain 4 Se ions permanently
fixed in FCC (a) sites, 4 Cu ions permanently fixed in the half of the
tetrahedral (c) sites and 4 Cu ions more or less statistically distri-
buted over the other half of tetrahedral (d), octahedral (b), and tri-

gonal (e) sites213, jjore recent approaches to the structure of SIC
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treat the e-sites only as transient sit2s, i.e. the sites where the
cations dwell in th2ir hopping path ba2tween b- and d-sites. Better to
realize this type of disorder lst us imegines for Cuase e hypothatical’
structure with all mobile ions in d-sites (Fig.la.). This is easily
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Fig.l. Unit cell, covzl:nt and ionic bonding schemes of Cuase in
antifluorite structurz. Open circles are Se ions, dots ar:
Cu ions.

recognized as the antifluorite structur:z waich is in Fig.l. raprison-
ted by its bonding schemes. Sincs all tatrahadrzl sitas ar= full =nd

4 Cuc ions together with 3e ions are found to form e perfrctl; ordered
cage, the trensition to ¢ disord:r2d stats forczs mobil: g ions to
occupy some other, crystzllograpnically end =2nzrgtically nonesuivalent
sites. Those are octahedrzl (b) sitzs. Th: transition, obviously, is
possible only if the energy of Cu ions in trensiznt sit:s is not too
high. The situation is depicted in rig.2. whers all Cud ions arz vla-

Fig.2. Unit cell, covalent and ionic bonding schomes of Cu..ie with
Cuy ions in b-sites.

ced in b-sites. This picturc should also ba treated as hypothaticzl

one. That in a real crystal consists of mixed ststes shown in Tig.l
and ¥ig.2. Four facts mey be extracted from Fig.2:
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i. Both thz covazlent and ionic bonding scham»s suggest th-t Cu
ions in b-sites ars in o:xridation stete Cu;. their local orbitals =ro,
ho“i2ver, unknown. »or a possible situztion see licCmbar at alq.

ii. ‘"o promot: a Cu ion into = b-site th: enargy 42 is nccassary.
It mey b2 traotad os th~ anargy of th: raaction Cud-VdPC ; in vhich a
Cub ion and & wvac..ney ﬁg ¢re croated. iy should be z part of th: zcti-
vation un=er .ior the ionic conductivity.

iii. wae bonulng schom> for Cu ion in e-sit: is th2 sam2 as ropra-
szntad for Cu ions in b-sites. Cu ions thus migrating through th: cry-
st:1 do not chxnge Lheir oxidation stote (bubt chunge tha2ir orbitils).
.rc otion 01 a Cud ioz in an e-site ncy be ripresented as the r:action
uud—vd+bu . Its charsctaristic z2n2rgy is th: sum ’1+‘2' k2 racognize

: this sum th» ectivetion en:rgy i« e Its first part, El, is the acti-
vation anargy for the npblllty oi! Cu ions.

iv. vu2 bo tvo typ2s oi sitas with difier:nt enorgy on2 can expect
.the order-disorder transition in Cu,ue (or L :n:rzlly in FCC structurs).
Wwails this trensition nas 1ndned been foundJ in Cuaoe, th» real situa-
tion is fer mor: compllcat\u .

The cztion disorder in "g2ue iz quits differ:znt. £ unit cell con-
tains 2 Se ions in BCC sites end 4 Ag ions dis tributed over 12 tatra-
hedral (d), 6 octzh:drsl (b) =nd 24 trigonal (h) sites2. As for some
othor silver sezlts, tais distribution has been criticizzd regerding the
possibility for ig ions to reside in highly deformed octzhodra (here
en Ag ion is in fact twofold coordinate&7). ‘le shall trcat therzfore
AgZSe as having only 12 tetrahadral and 24 trigonal, transient sites.
4 hypothzticsl order=d structurzs is shoun in Fig.3. If the cnergy 31+52

3

C:jﬁ l '

Fig.5. Unit cell, covalent and ionic bondiﬁg schemes of Agase in a
hrpoth2tical ordered state.

for the promotion of Agg ions into th= transient sites or the energy

of ths reaction Aé=Vg+Ag; is 'low enough, the system will transform to
disordesrcd state. But now only equivalsnt tetrahedral sites are avai-
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lable. Thus the enzrgy E2 is ‘equal to zero and E’—Si

Despit:: ecual bonding scham:es th2 disorder in Cu2$e and Agyce is
of two different types. i/hile in CuZSe th: paths through the crystal
include alternate tatrahedra-octahedra, the paths in Agase are only se-
ri2s of tetrahedra. In both cases the polyhzdrz are connected by trigo-
‘'nal planes. Since Ji is smaller than Ei, Agese is a "better" 3IC. 3i
nay evantually be compared with 5; onl;; above the critical tempzrature
for ordsr-disordoer trunsition whare the population of b- and d-sites
becomes egual.

Nonstoichiomatry of Cuase

Befors a description of the cation disorder in mixed selenides we
need some facts on the large stoichiomstric deviations, Cu2_ Se, a fea-
ture rarely found in other $IC. Simplz supposition that eech deficient
copper atom comzs from a b-site (it is at higher energy than a d-site)
leads to tha conclusion that a complex V'+Cu12)+ appears instead of a mi-
ssing Cub ion. For the sakz of electricsl nceutrality another Cu ion in
the nz2ighbourhood of Vb vacancy is forc:d to tiansforg+to ioubla ioni-
zed state. e have thus th: rszaction Cub=Vg+Cub=V;+Cub . dvidently,each
Cu2+ ion may be trzated as a hole bound to or rzleased from a Vb vacan-
cy. Stoichiometric d=viations then, dope cupfgg; selenide giving it the
properties of p-type semiconductor. Our scheme is in accordance with
Rau’s finding8 that the rsaction Vg=Vg+h represents the principal dop-
ing mechanism in CuZS.

Various measurem:—:nts9 show that the ensrgy of this reaction is ve-
ry low or even zero. ‘ith almost all possible compositions the Fermi
level lies deeply in the valence band giving a strong degeneracy and a
high, temperature independent concentration of holes. Besides, cuprous
s2lenide does not exist in exact stoichiometry. Despite nominal devia-
tlon y=0 the synthesis does not give Cuaue but Cu2 ymSe. Thezequilibri-
um can evidently be reached with certain concsntration of Cu ions ané
with appropriate quantity of precipitated copper. Thz reaction Cu;=V;+
+Cu]2)+ occurs spontaneously at y=0 but stops at y=ym. Ve may say again
that its energy is zero but may be temperature dependent above y=ym.
Blectrochemical measurements by Valverdelo made at 300°C showed that
this energy indeed changes with y. It increases with increasing y.

FCC-BCC transition in mixed selenide

Being now familiar with thg tipe of dlsqrder in Cuzse and ASZSe
and with the nonstoichiometry of Cuzse, let us turn towards the more
general question of the possibility of Ouase-llke structures being
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disordercd in the same way es AgQSe structures, i.2., by the transition
to a BCC lattica. Normally FCC-BCC transition does not occur in pure
Cu,Se since it is energ=2tically unfavourable: the energy of reaction
Cud=V3+Cu;, rasponsible for ths disordsr with b-sites, is cvidzntly
smaller than the latent heat of the hypothetical FCC-BCC transition.
Howsvar, changing this energy r2latioship in somz way the mentioned
trensition may 2v:ntually bacom:s possible. %We intsnd to show that the
reaction Cu;=V3+Cu; is in close conncction with rsaction Cu;=vg+0ub+.
In fact, the first rcaction is strongly 2nhienced by the sscond. The
jump of a Cu ion from d- to b-site in this picturs secms simply to b2
a conszquence of the transition of this ion into Cu2+ state. TFor this
trensition, es we have seen, small or no enargy is needed.

At this point it is us=ful to mcntion our previous pep=r on the
metal-nonm2tsl transition in Cuz_xAngell. By elzctrical conductivity
measurzm2nts we showed that dilution of copper subsystzm with silver
lcads to the gradual incrcase of acce)tor energy owing to weakaning in-
teraction bstween them. At x=0.7-0.8 th: metal-nonmetel transition occ-
ured, charzcterized by the changz in sign of tamparature coefficient
of electricel conducitivity. Tor x less then 0.7-0.3 the samples were
m2tallic, while for x grecatar taan 0.7-0.8 they weres semiconducting. It
is possible to estimatz that at x nzar 1.4 thz Fermi lavel is in the
middls of the gap, reflacting the intrinsic propsrties of the crystal.
'he concantration of extrinsic holzs (i.e. Cu2+ ions) falls thorefore
to zero .at this composition.

We found that these r:sults arz in good sgreeement with Valverde'®s
findinglO that the encrgy of Cu2+ ions incr2ases with increasing con-
tant of silver. Indsed, in the mixed selenide =ach Cu2+ ion is more or
less surrounded by iz’ ioms. Owing to unfavourable transition of elcc-
trons from Ag+ to cu=t ions, Cu2+ions and Vb vacancies become locali-
zed. ‘/hen ths ensrgy of Cu2+ ions bzcome sufficiently high, the proba-
bility of thzir exist>nce sharply decrzaases.

In the context of the mechznism just described the FCC-BCC tran-
sition has a very simplz explanation. Since it occurs at x=l.3810,
which iz szlmost th:z samz wvalue at waich the conductivity measurements
signalized the disappearance of Cu2+‘ions, the two effects are evident-
ly correlatad. The correlstion is easily undzrstandable: dilution of Cu
subsystem with Ag leads to the increase of the energy of reaction Cu;=
=V§+Cu§+. The reaction thus becomzs less and less probable. Since we
treated it as a "booster" for ths reaction Cu;=vg+gu; this, in turn,
also becomes improbablz. To disorder its cation subsystem the mixed se-
l2nide chooses the only remaining way - The transition to BCC arrange-
ment of anionms.
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I'he sam2 effa2ct has been observed in thz mixed sulfidela.'”hc *CC-

-BCC trensition occurs in this sy'st2m at x nz2ar 1.7 which is not far
from the criticzl composition in th2 s2lznide. This sugg=sts that th2
typ2 of anions does not matter much in tha effect. However, CuBr, wvhich
may appear as BCC and AgZTe which issof ICC structurs do not support
this suggsestion. The study of these two exczotions may thorafore give

a deepar insight into the composition-in-iuced phése transitions in co-
pper and silv>r SIC.

"hz author is indzbtad to his colleagues Z.Vuéié, V.Horvatié and
O.xilat for many vdluable discussions.
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