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FCC-BCC. phase transition, which .oGcurs in the 
high-temperature , superionic phase of cu2_xAgxSe .
at ·. x  near 1 .4 ,  is described as a possible con­
sequence of the energy incraase of cu2+ ions cau­
sed by dilution of Cu subsystGm with Ag ions . 

Introduction 

Almost all simple Cu and '!-.g superionic conductors (SIC ) consist 
of ordered,  denso-pack�d FCC or BCC lattices of anions and disordered,  
li�uid-like cation . subsystems . FCC packing is characteristic for the
high-t �mperature phases of coppar salts while BCC packing predominates 
in tha high-tJmporature phases of silver _salts1 • The nature of cation
disordar �nd its consequences are .;uite different in FCC and BOC stru­
ctures .  Ionic conductivity, for axample , _is higher in BOC than in FCC 
phase s .  It has also smaller activation energy (about 4kJ/mol vs , . about 
16kJ/mol ) .  PCC phases in �ddition usually exhibit the order-disorder 
transitions which do not appear in simple BOC salts . As it is knoi-m, 
these differ::mcs s may be easily explained by the existence of· two ty- 
. pes of none�uivalent cotion site s in FCC anion lattices and only one 
type of equivalent sites in B9C lattices .  This work deals with a detai­
l�d picture of cation disorder in cu2Se (FCC ) and Ag2se (BCC.) , and with
the changes in it a_fter the two cor1pounds are mixed together giving the 
ternary compound Cu2_xAgxSe . Thare is a very simple explanation of the
FCC-BOC transition induced by variation of x in this picture 

Cation disorder in eu.2se and Ag2se

A unit cell of cu2se 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 lass statistically distri­
buted over th0 other half of tatrahedral· ( d ) , octahedral (b ) ,  and tri­
gonal (e ) sites2 , 3 . Hora recent approaches to  the structure of SIC
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treat the a-sites only as transisnt sit3s , i . e . the sit9s wh9re tha 
cations dwell in thJir hopping path b�tween b- and d-sites . Better to 
realize this type �f disorder 1st us imagine for Cu2se a hypotb,:?tical · 
structure with all mobile ions in d-sites (Fig . la . ) .  This is eaaily 
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Fig . l .  Unit cell , cova.bnt and ioni� bonding scheme.; of cu28e in 
antifluorite struct.urs . OpDn circlas are Se ions , dots ar3 
Cu ions . 

racognized as the antifluo:i;-ite s tructura \•1hich is in Fig . 1 .  r:pr"!s:1n­
ted by its bonding schemes .  Since ·all tatrahadral sitas arA full .. nd 
4 Cuc ions togather with 3e ions ore found to form e perfJctl·/· ordered 
cage , the transition to � disord�red st3ta forc�s mobi13 Cud ions to 
occupy some other,  crystallograpn'ically and �n:-�re;Jtically noner2uivalcnt 
sites . Those are octahedral (b ) sit�s .  �h� transition, obviously, is 
possible only if the en�rgy of Cu ions in transient sit�s is not too 
high. The situation is depicted in �'ig. 2 .  wh9r,a all Cud ions arc pla-
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Fig .• 2 .  Unit cell , covalent and ionic bonding schomos of cu2,3e with 
Cud ions in b-sites . 

C9d in b-sites .  This picture should also bn tr� ated as hypoth·�ticd 
one . �hat in a real crystal cons�sts or mixed' ststes shown in Pie; . l  
and Fig . 2 .  Four facts may be oxtractcd from Fig . 2 :  
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i .  i3oth th::? cov:dent and ionic boncline; sch:�r.n s suggest th�.t Cu 
ionn in b-sites nre in 01-:idetion stc:te Cu� . Th.air loc::il orbitoln aro , 
ho'·,;;v:::r ,  unknown • ..:'or a possible situat ion see r1�cOmb.1r 3t al4 •

ii . i'o pro:not '! a Cud ion into n b-sit o th·� enargy �2 is n..-�cJssary .
It m�:y ba tr:rnt .:}d t:s th:  -�n)rB� .. of ·th:� r ') oction cu;=vg+cu� in \-rhich a 
C + . - ' ;Q t .. h 1 b ,ub 1011. end. a vnc: .. ncy '-'cl , re cr:-:a 9a.. -82 s ou d · o r. port or th3 acti-
vation --.:n��rgy .Ji·· !.'or th0 ionic conductivity.

iii . •1lh?. bondir1g sch:::?m,: for Cu ion in e-sit2 i::-; th,.� Siima as rcpr�­
s,:nt.?.d for Cu ions in b-sites .  Cu ions thus mir;rnting through thJ cry­
st::l d.o not ch-;•.nc;e �h0ir oxidation stnte (bu'i:; ch,mp;e th::dr orbit i.•ls ) .
::,r� .otion . of o. Cud ion in an e-site n£y be r,�presented �1s the r·.:action
,, ,. uO .,.. ·r It h ' ' t · · th - ' · · ' ...,ud=vd+liu.e · . r; c �r�3 C C:)rJ.s 1c �n1rg;f is - , sur:i :�1+ . '.r2 • ,·::-} rr:cognize
i;: this sum th·.1 nctiv:d;ion an )rgy zi . Its first part , i'1_ , is the acti-
v.; tion �n·.:rf£Y for th3 m,obility of Cu ions . 

iv . uua to t•. :o t;7p�s o:i.' sit :i s  '.·:ith differ m·i; en,Jre;y on·.� can expe ct 
. the order-disorder trunsition in Cu

2
Be (or r:n :ir;;lly in FCC structur� ) .  

·, ;hil� this trr. nsition has in�eed been found:, in cu
2

se , th1 real si·tua­
tion is ft.r mor3 complicc:t,?d0 • 

'.fa�) cr,tion <lisord0r in .�.g2se is !}Uita J.if:!."cr.mt . A unit cell con�
tains 2 Se ions in BCC sit3s  and 4 Ag ions distributod over 12 tetra­
hedral (d ) ,  6 oct;:.h .:dral (-b ) :::ncl 2L� trigonal (h ) si tes2 • As £or some
othc)r silv�r selts , this distribution has been cri'ciciz3d ree;l:.rlling the 
possibilit:,., for i.g ions to re sillo in highly deformed octahcdra (here 
an Ag ion is in fact t·wofoli coordinated? ) .  �.1e shall treat ther3fore
Ag2Se as having only 12 tetrahadral and 24 trigonal , transient sites .
,;;. hypoth.::ticsl order�d structur� i� sho\-m in Fig . 3 .  If th� energy 3i.+� 
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Fig • .:$ .  unit cell , covalent and ionic bon�ing schemes of Ag2Se in a
h::·potlntical ordsred state . 

for the promotion of Agd ions into the transient sites or tho energy

of t!'le reaction A;=v�+Ag: is · 1ow enough, the system will transform to_ 
disordered state . But now only equivabnt totrahedral sites are avai-
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lable . �hus the energy E2 is · equal to zero and E{=;q .
Dospit:� e <;.ual bonding sch�m,,s th-3 disorder in cu

2
sc and Ag2de is

of two different type s .  t:hile in cu
2

se thP. paths through the crystal
include alternate tatrahedra-octahedra , the paths in Ag

2
3e are only se­

rias of tetrahedra . In both case s ths polyh�dre are connected by trigo-
· nal plane s .  Sines �:i. is smaller than Bi ' Ag2Se is a 11 better11 SIC . 3i 
may �v.:mtually be compareq. with i1 onl;1 above the critical temp.3rature
for ordar-disord:}r transition \·ihera the population of b- and d-sitos 
becoma s equal . 

Nonstoichiom�try of cu2se

Before a description of the cation disorder in mixed selenides we 
need some facts on the ·1argc stoichiometric deviations , cu2 Se , a fB a--y 
ture rarely found in other SIC . Simpl3 supposition that ee.ch deficient 
copper atom com.es  from a b-site (it is at higher energy than a d-site ) 
leads to the conclusion that a complex Vi;+Cu�+ appears instead of a �i­
ssing cu; ion. For the sak� of e lectric�l neutrality another cu; ion in
the n-,dghbourhood of Vb vncl�ncy is forc3d to transform to ,iouble ioni­
zed st�te . \te have thus th·� raaction Cub=V�+Cu�=�+Cu�+ . £\ridently , each
cu2+ ion may be treated as a hole bound to or released from a Vb vacsn­
cy . Stoichiometric daviations then,  dope cuprou_� selenide giving it the

. 
. . ·"'-

properties of p-type semiconductor . Our scheme is in accordance with 
Rau ' s finding8 that the reaction V�='f,;+h represents the principal dop-
ing mechanism in Cu .... S .  

Various measur�ments9 show that the energy of  this reaction is  ve­
ry low or even zero . �lith 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 
&9lenide does not exist in exact stoichiometry .  Despite nominal devia­
tio-!1 y=O the synthesis does not give -Cu2se but cu2_ymse . The equilibri­
um can evidently be reached with certain conce ntration of cu2+ ions anc
with appropriate quantity of precipitated copper . The reaction Cu�=�+ 

+Cu�+ occurs spontaneously at y=O but stops at y=ym . We may say again 
that its energy is zero but may be temperature dependent above y=ym . 
Blectrochemical measurements by Valverde10 made at ,oo0c showed that
this energy indeed changes with y. It increases with increasing y .  

FCC-BCC transition in  mixed selenide 

Being now familia� with th� t�e . o;�di�o,F.der in cu
2

se and Ag2S�
and wit� the nonstoichiometry of cu

2
Se , let us turn. towards the more

- general question of the possi�ility 9t O�Se-like structures being
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disordered in th� same way as Ag
2

Se structures ,  i . e . by the transition
to a BCC lattico . Norm3lly FCC-DCC transition does not occur in pure 
Cu�Se since it is energetically unfavourable : the energy of reaction
Cud=V�+Cu� , re sponsible for the clisordcr with b-sites , is 0vid,mtly
smaller than the latent heat of tho hypothetical FCC-BCC transition. 
However,  changing this ener�.r r-3latioship in som-a way the mention�d 
transition may 3V .mtually be com-3 possible . \·le intend to show that the 
reaction Cu�=�+Cu� is in clos13 

· 
connection 1.·:i·th r-3action Cu�=v;;+cu�+ .

In fact , the first r�action is strongly 3n:1.mced by the second . 'j1he 
jump of a Cu ion from d- to b-sita in this picture seems sinply to b� 
a consequence of tho transition of this ion into cu2+ state . For this
trnnsition , as \·le have seen, small or no enargy is needed. 

At this point it is useful to mention our previous pepar on the 
metal-nonm�tal transition in cu

2
_�gxse11 • By el3ctricel conductivity

meesur3m.3nts we showed that dilution of copper subsystem with silver 
leads to the gradual increase of acce _>tor enerE;y owing to weakenine; in­
teraction between them . At x=o . 7-0 . 8 th,� metal-nonmetc.l transition occ­
ured, charncteriz·Jd by the chane;s in sic;n of t:3mp,3ratura coefficient 
of elactrical conductivity . For x less than 0 . ?-0 . 8  tho samples were 
m�tallic , while for x groater than 0 .7-0 . 8 t11ey wer::} semicondu�tin13 . It 
is possible to estimate that at x n-:: ar 1 .4 th-� Fermi level is in the 
middh of the gap , rcfl.3cting the intrinsic properties of th� crystal.  
The conc�ntration of extrinsic holas (i .e . cu2+ ions ) falls therefore
to zero .at this composition. 

We found that these r:,sulta artJ in good agreeemant with Valverdo ' s
finding10 that the energy of cu2+ ions incr9ases with increasing con­
t�nt of silver ; Indeed , in the mixed selanide 13ach cu2+ ion is more or
less surrounded by Ag+ ions . Owing to unfavourable transition of elec­
trons from Ag+ to cu2+ ions , cu2+ions end Vb vacancies become locali­
zed .  './hen the energy of cu2+ ions b-3 come sufficiently high , the proba­
bility of their e:dst �nce sharply decra ases . 

In the context of the me chanism just describ'3d the FCC-BCC tran­
sition has a very simpL;} explanat'ion. SinC'c'! it occurs at x=l . 3810 ,
•.-ll1ich iz almost the sam3 value at \·!hich the conductivity measurements 
signalized the disappearance of eu2+ ions , the two effects are evident­
ly correlated.  �he correlation is easily understandable : dilution of Cu 
subsystem with Ag leads to the incre ase of the energy of reaction Cu�= 
=v;;+cu�+ . The reaction thus becomss less and less probable . Since we
treated it as a "booster" for the re action cu:=v�+�u; this , in turn,
also becom8 S improbable . To disorder its cation subsystem the mixed se­
lenide chooses the only remaining way - The transition to BOC arrange­
ment of anions . 
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fhe sar.n effact has been observea. in th':! mixed sulfid,312 • · The FCC­
-BCC trc1nsition occurs in this s;-st'?n at x n'.!ar l . ;; which is not far 
fro� the critical composition in th:? sahnide . This sugg.9sts  that th·J 
typ � of anions does not matter much in th·� effe ct . IIowev�r ,  CuBr, which 
may appear as BCC and Ag2Te which is .of ]�C s�ructure do not support
t l1is sum�·astion . The study of these t\•10 exce1,tions may th,Jr�forc givs 
a deep3r insight into tha composition-in:��ucf!d ph�se transitions in co­
pper and silv}r SIC . 

Th3 a�thor is indebt3d to his colleae;ues Z . Vucic , V.Horvatic and 
O . ?-;ilot for many vdluable discussions . 
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