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The temperature dependences are investigated of the complex dielectric constant E* = E' - i ~ "  and of the 
electric conductivity u in M,SbF, crystals, where M = Na, K, Cs, and NH,. Phase transitions of the order- 
disorder type, near which €', €", and u have anomalies, have been observed. An analysis of the results shows 
that the phase transition is due to disordering of the fluorine ion, and that a transition into the superionic state 
takes place, at least in (NH,),SbF,. The experimental results are qualitatively explained on the basis of the 
Potts q-component model with nonmagnetic impurities, within the framework of the molecular-field 
approximation. 

PACS numbers: 77.20. + y, 66.30.Hs, 64.60.Cn 

1. lNTRODUCTlON model, whose solution in the  molecular-field approx- 
imation explains qualitatively the experimental  data. 

Several famil ies  of superionic c rys ta l s ,  whose high 
conductivity i s  due to  motion of fluorine ions, a r e  
known by now. These include, f o r  example,  c r y s t a l s  

2. STRUCTURE OF CRYSTALS AND EXPERIMENTAL 

such a s  CaF,, LaF, (Ref. 1) and MBiF, (M = K, Rb, T1) .' RESULTS 

An extensive program of experimental  r e s e a r c h  into 
these h a s  shown that in the vicinity of a 
f i r s t -o rder  (LaF,) o r  a second-order  (CaF,) phase 
transitign the second derivat ives of the thermodynamic 
functions (e .g. ,  the heat capacity),  behave anomalously. 
At the s a m e  t ime,  one of the most  important p roper t i es  
of the sys tem,  namely the dielectr ic  constant c of the 
medium, h a s  no anomalous behavior. This  raised the 
question whether this  behavior of z i s  a charac te r i s t i c  
property of superionic compounds o r  whether m o r e  ob- 
jects must be studied to observe anomalies  of c ,  the 
mgre  s o  s ince no anomalies  of c w e r e  observed a l so  in 
other c rys ta l s  whose ionic conductivity i s  due to  motion 
of another type of carr ier-Ag,  Cu,  K, C s ,  and 
others.'v3 D~ily recently4 w a s  an increase  of c observed 
in the L1,N crys ta l  near  the t empera ture  of the t ransi-  
tion into the disordered s tate .  

We have investigated in the present  study the behavior 
of var ious macroscopic quantities in the family of 
M,SbF, c rys ta l s  with M =  Na, K, C s ,  and NH,, where 
an anomalous increase  of c w a s  observed in prelimin- 
a r y   measurement^.^ 

This  choice of objects fo r  the investigation w a s  not 
accidental. Trivalent antimony f o r m s  numerous com- 
plex fluorides. A feature of their  s tereochemistry i s  
constancy of the coordination number of the central  
a toms,  inequality of the bonds, and a tendency to pro- 

Antimony trifluoride f o r m s  a l a rge  number of com- 
plex compounds with alkal i -metal  fluorides. The com- 
pounds M,SbF, ( M =  K, Rb, Cs,NH,) crystal l ize  in a 
rhombic syngony ( space  group Cmcm) and form an 
amorphous ~ e q u e n c e . ~ ~ ~  The &SbFj s t r u c t u r e s  a r e  
made up of the complex ions [s~FJ'- ions and M* ions. 
The anion configuration of the [ s b ~ J , -  anion takes the 
f o r m  of a dis tor ted octahedron, in which one of the s ix  
ver t i ces  is occupied by an undivided pair  of s elec- 
t rons.  A s i m i l a r  anion s t ruc ture  w a s  found in N%SbF, 
( space  group P2,2,2,) (Ref. 8). The s t ruc ture  "hole" 
containing the undivided pa i r  of e lec t rons  is surrounded 
in one plane by an antimony atom and t h r e e  nitrogen 
atoms.7 Thus,  the s t r u c t u r e  of an M,SbF, compound h a s  
channels in which the F- ions can  move easi ly  when they 
become temperature-disordered in an e lec t r ic  field. 

The M'SbF, c r y s t a l s  w e r e  grown by evaporation of the 
solvent f r o m  a saturated aqueous solution a t  room tem- 
pera tures .  

The components of the complex low-frequency dielec- 
t r i c  t ensor  w e r e  measured with a br idge o r  with a Q 
m e t e r ,  while the measurements  at  microwave frequen- 
c i e s  w e r e  made by the procedure  of Ref. 9. The dc 
conductivity w a s  determined with an e lec t romet r ic  
amplif ier .  The measurements  w e r e  made in a vacuum 
cryostat .  We used e lec t rodes  of aquadag, s i lver  paste ,  
and gold sputtered in vacuum. 

duce chainlike and layered s t ruc tures .  The complex 
The dielectr ic  constant of the c r y s t a l s  of the WSbF,  

anions form infinite chains. All th i s  l eads  to  distortion 
family. At 1 kHz and T =  290 K we have f o r  NqSbF,  

and to "loose" low-symmetry la t t ices ,  making these 
c ;=3 .8 ,  &,'=3.3, c;= 11; & a =  1.3, c:= 1.4, c:=O.28; 

compounds good candidates fo r  var ious phase t rans i -  
f o r  q S b F ,  E; = 6.7, &: = 4, c; = 10.5; &,I1= 0.04, E: 

t ions, including superionic ones. 
= 0.03, c;= 0.14; and for  Cs,SbF, c;= 3.0, c,'= 3.5, c /  

In Sec. 2 we d i scuss  the distinguishing fea tures  of the = 10;  E," = 0.18, c; = 0.19, c: = 0.53. At 1 0  GHz the di- 
c rys ta l  s t ruc ture  of the NhSbF, family and present  the e lec t r ic  p a r a m e t e r s  a r e  close to  those at  low frequen- 
resu l t s  of experimental investigations of the complex cies.' The p a r a m e t e r s  &:, c,' and E:, c," a r e  practical- 
dielectr ic  constant &* = &' - ic" and of other  macro-  ly independent of frequency and temperature.  The con- 
scopic charac te r i s t i cs  in the vicinity of the phase t ran-  tribution of the ionic polarization A&, t o  the dielectr ic  
sition. In Sec. 3 we  introduce the Pot t s  q-component constant of the s a m e  o r d e r  a s  that of the electronic 
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FIG. 1. Dependence of the real (&;) and imaginary (c;) parts 
of the complex dielectric constant of the crystals Cs2SbF5 and 
Na2SbF5 on the temperature at the frequency 1 kHz. 

Ace.  F o r  example, f o r  N%SbF, only A & , =  4.55 and is 
double the value A&,= 2.15 (Ref. l o ) ,  while f o r  the other 
components A&, = Ac,. 

However, the p a r a m e t e r s  E ;  and E; of al l  the c rys ta l s  
of th i s  family have tempera ture  anomalies. F igures  1 
and 2 show the tempera ture  dependences of c; and c ;  
of the c rys ta l s  Cs,SbF,, Na2SbF5 and (NH,),SbF, at  1 
kHz. With increasing frequency, in the range  103-10'0 
Hz, the anomalies  of E; and c; d e c r e a s e s  and practical- 
ly vanish already a t  10' Hz, i.e., a considerable  relaxa- 
tional dispersion of the dielectr ic  constant t akes  place 
in the 1O3-10' Hz range. The  anomalies  of E; and E; 

w e r e  investigated in g rea tes t  detai ls  in Cs,SbF, and 
(NH,),SbF,, but only in high-grade specimens is good 
reproducibility of the resu l t s  obtained. Nonetheless, in 
these  c rys ta l s  there  is no polarization mechanism that 

FIG. 2. Temperature dependences of &; (1) and of tan 6* (2) of 
the crystal (NH,),SbF, a t  1 kHz. 

depends strongly on tempera ture ,  t h e r e  a r e  no anhar- 
monic soft modes,  and no spontaneous polarization is 
observed. Although in polarized Cs,SbF, c r y s t a l s  a t  
E = 0 t h e r e  is generated a cur ren t  that revea l s5  an 
anomaly with increasing tempera ture  and r e v e r s e s  di- 
rect ion,  depending on the polarity of the field, it is 
m o r e  readily thermo-ionic than a pyrocurrent .  We did 
not succeed in observing d ie lec t r ic -hys te res i s  loops in 
these  c r y s t a l s  in e lec t r ic  f ie lds  E < 3  k ~ / c m .  In 
s t ronger  f ie lds  the c r y s t a l  goes  over  into a low-resis-  
tance state. '  X-ray diffraction measurements  of 
Cs,SbF5 with a DRON-2,0 diffractometer  in CuKa 
radiation have shown that the dielectr ic  anomaly is 
connected with a s m a l l  change in the s t r u c t u r e  without 
a change in the c rys ta l  symmetry .  

Jumplike anomalies  of the complex dielectr ic  con- 
s tants  w e r e  observed a l s o  in m o r e  complicated fluor- 
ides  of antimony of the type M,Sb4(S04),Fl,, where M 
= Rb o r  NH, (Ref. l l ) ,  in which s t ruc tura l  investiga- 
tions have confirmed the occur rence  of phase t ransi-  
t ions without change of symmetry .  

It is known that the e lec t r ic  conductivity of fluorides 
i s  most  frequently due t o  mobile F- ions. A determina-  
tion of the ionic part  of the electr ic  conductivity of 
(NH4),SbF5 by the Yokota method1' h a s  shown that it 
constitutes m o r e  than 90% at  290 K, i . e . ,  the electr ic  
conductivity is mainly ionic. At 290 K the electr ic  con- 
ductivity in an e lec t r ic  field up to 100 V 'cm i s  1 x 
5 x lo-'', and 2 x lo-' SZ-'/m for  N+SbF,, K,SbF,, and 
Cs,SbFS, respectively. In the t empera ture  region of the 
dielectr ic  anomalies ,  the e lec t r ic  conductivity changes 
jumpwise.' The s trongest  jump takes  place in 
(NH,),SbF5 c rys ta l s ,  fo r  which the a c  conductivity aw at  
1 0  kHz along the b ax i s  i s  1 . 5 ~  10-j 0 - ' /m at room 
tempera ture .  02 the l inear  par t  of the current-voltage 
charac te r i s t i c  a t  room tempera ture ,  the conductivity 
along the a-axis  direct ion is a,= 3.5 x lo-' ~ - ' / m  and 
i n c r e a s e s  exponentially with t empera ture ,  with activa- 
tion energy E,= 0.72 eV. The tempera ture  dependence 
of o along the b ax i s  i s  shown in Fig. 3. When the 
c r y s t a l  is heated to  in an external  field the c rys ta l  goes 
over  in the dielectric-anomaly tempera ture  region into 

- 3 q 
10 J ~ - :  K-' 

FIG. 3 .  Temperature dependence of the electric conductivity of 
the crystal (NH,),SbF,. 
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a conducting s ta te  in which it r e m a i n s  fo r  severa l  days  
o r  weeks, and in which a is practically no longer tem- 
perature-dependent. The conductivity jump i n c r e a s e s  in 
th i s  c a s e  by 10"107 t imes .  A change in the conductivity 
jump by 1O3-lo4 t i m e s  takes  place a l so  along the c -ax is  
direction. We note that a tempera ture  change in the 
absence of the field E does  not make the c rys ta l  con- 
ducting. 

At T = 258 K the heat capacity of powdered 
(NHJ,SbF, experiences a jump of -10 J / m o l .  K. At th i s  
temperature a smal l  inflection appears  on the plot of 
the NQR frequencies  v s  temperature,  whereas  the line 
widths in the  NMR s p e c t r a  change jumpwise. 

The foregoing experimental  r e s u l t s  show that dis tor-  
tion phase t ransi t ions of the o rder -d i sorder  type take 
place in c r y s t a l s  of the M,SbF5 family and a r e  due to  
the disordering of the anion sublattice. The nature of 
the phase t ransi t ions is apparently the s a m e  for  a l l  the 
compounds mentioned above, and the r e s u l t s  cited in 
Ref. 3 show that the phase transition in (NH4),SbF5 can 
be classified a s  superionic. 

3. THEORY 

It follows f r o m  the analysis  of the experimental data  
that with increasing tempera ture  the fluorine ions in 
the M,SbF, c rys ta l s  leave the regu la r  s i te  positions and 
go into in te rs t i ces ,  while the M and Sb ions remain  in 
their  places. The theory of superionic phase t rans i -  
tion based on the assumption that one of the sublat t ices  
i s  disordered w a s  developed by many  worker^.'^-'^ 
Thus, a phenomenological theory of the transition w a s  
developed in Refs. 13, 14, and 16 by s tar t ing f rom the 
model of interacting Frenkel  defects.  In Ref. 15,  using 
a microscopic Hamiltonian within the framework of the 
quasichemical approximation, they investigated the be- 
havior of the basic thermodynamic functions in c r y s t a l s  
of the CaF, type. At the s a m e  t ime,  problems connect- 
ed with the possible onset of dielectr ic  anomalies  in the 
vicinity of the superionic t ransi t ions w e r e  not consid- 
ered in Refs. 13-16. In Ref. 17,  however, a theory that 
explains the presence of these anomalies  w a s  construct- 
ed. But the m s a g e r  model used in Ref. 17,  which de- 
s c r i b e s  accurately enough a solution of dipole mole- 
cules  in a nonpolar liquid, i s  apparently somewhat 
oversimplified for  c rys ta l s .  In part icular ,  i t  is pro- 
posed in Ref. 17  that if the number of in te r s t i ces  i s  in- 
finitely l a rge ,  a dipole of the  "site-interstice" type ap- 
p e a r s  in the sys tem and h a s  an a r b i t r a r y  direct ion in 
space. Yet in r e a l  c r y s t a l s  the number of direct ions of 
a dipole, if it ex i s t s  a t  a l l ,  should be limited by aniso- 
tropy, by particle-blocking effects  in the  in te rs t i ces ,  
and by the lattice symmetry .  The number z,, of inter- 
s t i ces  per  number z, of nonequivalent s i t e s  in the cel l  
does  not always exceed unity considerably. F o r  exam- 
ple, z = z,,/z, is equal t o  2112, 4, 2318, 3/2, and 112 
in Ag,S, CuI, RbAg41j, a-Li ,S04,  and CaF,, respec-  
tively . 3  

In th i s  section we consider  a model that makes  i t  
possible t o  general ize the e a r l i e r  t h e ~ r i e s ' ~ * ' ~ * ' ~ ~ ' ~  and 
explain qualitatively the presence  of dielectr ic  anomal- 
i e s  in a superionic transition. 

The  gis t  of our model is the following. If the ions a r e  
in  s i t es ,  the i r  "shape" d i f fe r s  lit t le f rom spherical  and 
the  average  dipole moment of an ion is zero .  A move to 
the  in te rs t i ces  i n c r e a s e s  the polarizability of the medi- 
um and the spher ica l  geometry of the mobile ion can  
change. A s  a resu l t  i t  acqui res  a n  effective dipole mo- 
ment that has, general ly  speaking, q direct ions in 
space. T h e r e  a r e  a s  yet  no experimental  data  to  con- 
f i r m  the above for  the  M,SbFj crystal .  However, an 
analysis  of neutron diffraction and x-ray diffraction 
pa t te rns  fo r  severa l  superionic c r y s t a l s  shows3 that the 
spherical  "shape" of the ions in the inters t ices  does  
become distorted. It is therefore reasonable to  pro- 
pose a s imi la r  picture a l s o  fo r  M,SbF,. 

The interaction potentials between ions located in  in- 
t e r s t i c e s  r and rf consis t  of "exchange" J ib ( r  - r f )  and 
non-exchange Vib(r - r l )  pa r t s ,  while the potentials of 
interact ions of the s i te-s i te  and s i te- inters t ice type 
have only non-exchange par t s .  If the dipoles  a r e  paral-  
le l ,  then Jib = ~ ( , i ) ( r  - r l ) ,  while in a l l  the remaining 
c a s e s  J,, = ~(,:)(r - r f )  . We e x p r e s s  the Hamiltonian of 
the sys tem in the f o r m  

where 6rr ,  i s  the Kronecker  symbol o r ,  in other  words,  
the mat r ix  of the Po t t s  q-component model,18 E is the 
external  e lec t r ic  field, p i  i s  the  effective dipole moment 
of an ion in a s i t e  (i = 2, p, = 0) and in an inters t ice 
(i = 1). The quantity rlf d e s c r i b e s  the distribution of the 
ions over  the s i t e s  and inters t ices .  The mean values 
(TJ,,) = C, and (qrl) = c1 over the la t t ice  a r e  the densi t ies  
of the ions in the s i t e s  and in te rs t i ces ,  respectively; 
A, is the energy (A, = 0 ,  A, >O) of the t ransi t ion of a 
part ic le  from a s i t e  to  a n  inters t ice.  

We note that Hamiltonian (1) a t  q = 2 (corresponding 
t o  the Ising model) and A, = 0 w a s  used e a r l i e r  t o  de- 
s c r i b e  phase t ransi t ions in solid  solution^'^ and in 
clathrate  inclusion  compound^.^^ The problem of phase 
t ransi t ions in a superionic compound h a s  thus been re -  
duced t o  the problem of investigating the Pot t s  q-com- 
ponent model with nonmagnetic impuri t ies  in an exter-  
nal field. T o  bring to light the qualitative fea tures  of 
the behavior of the macroscopic quantities we confine 
ourse lves  to  the molecular-field (ME) approximation. 
We define 

where  5 = 1 ,  w, w2,  . . ., wC1 with w = exp(2ni/q), and in- 
t roduce the mean value of the "spin" s = (<) (Ref. 18). 
The expression for  the f r e e  energy F p e r  mobile ion 
then takes  in the ME approximation the f o r m  

+T[-z In z+2c In c+ (1-c)ln(l-c) + (z-c)ln (z-c) 1 

Equation (3) t akes  into account the fact that 

153 Sov. Phys. JETP 56(1), July 1982 Urbanovitschyus e t  a/. 1 53 



J 12 = J  22 = 4 = p z = 0 , c l + c 2 = 1 ,  a n d m a k e s u s e o f t h e  
notation 

F o r  a l l  the s i t e s  t o  be occupied as T -0  (c (T  = 0) = O), 
we must have A > B o r  V,, > V,, - 2A. The consistency 
equation f o r  the determination of the equilibrium values 
of s and c take the fo rm 

We note that a t  q = 2 and z = 1 relat ions (5) go over  into 
the r e s u l t s  of Refs. 1 9  and 20. Equations (3)-(5) de te r -  
mine the thermodynamics of the sys tem,  expressing s 
and c in t e r m s  of the parameter  of the model. F o r  the 
dielectr ic  constant c we thus obtain f rom (5a) (E = co 
+ c4npvC-'ds/d~) 

where  e = 4npZ/vc and v, is the volume per  mobile ion. 

Two types of phase transition can occur  in the sys tem 
described by relat ions (3)-(6), viz.,  f e r roe lec t r ic  o r -  
der ing (s # 0) at  the point 

and "ionic" ordering with respec t  to  the concentration 
c .  The experimental data, however, indicate that no 
s ta te  with s # 0 is real ized in superionic conductors. 
We shall assume therefore that the "ionic" ordering 
takes  place in the paramagnetic phase ( s  = 0) , and shal l  
not d i scuss  h e r e  questions connected with phase t ransi-  
t ions into the fe r roe lec t r ic  s ta te .  Equation (5b) and the 
formula fo r  c a t  E = 0 take the s imple f o r m s  

c 2 / ( l - c )  (z-cj =exp [-p(A-~BC)] , 

e=eo+ce/(Tq-Kc). 

We note that f rom (8b) a t  q = 2 and K = 0 follows the 
Langevin-type formula used in Ref. 17. An analysis  of 
expressions (3) and (8) shows that when T is lowered, 
a superionic f i r s t -o rder  phase transition takes  place 
a t  the point 

f r o m  the s ta te  with c = 1 to the s ta te  with c -0.  In this  
c a s e  To, > T, > To = Kc/q. 

If p = K = 0 the relat ion (8a) is equivalent to  the r e -  
s u l t s  of Ref. 14,  where  the c(T) dependences w e r e  in- 
vestigated quite in detail  in various ranges  of the pa- 
r a m e t e r s  A and B.  Therefore,  without dwelling on 
this ,  we proceed t o  investigate the c(T) dependence 
n e a r  To,,. A s  seen  f rom (8b), c(T) is determined by 
t h r e e  parameters :  c(T), K ,  and q.  If TOrd2 c ~ / q  and 
the  density h a s  a discontinuity at  T =  T,, the quantity 
Ac = c - c0/e a l s o  changes jumpwise. F igure  4 shows a 

FIG. 4 .  Temperature dependence of the density c of the ions in 
the interstices at A / 2 B = 0 . 9 9  and at Z =  8. 

plot of c v s  T = ( T  - T ~ , ~ ) / T , , ~  which is most typical of 
superionic c rys ta l s .  The resul tant  plot of 2Az a t  q = 2 
and a t  var ious values of K is shown in Fig. 5. With in- 
creasing K the plot of A ~ ( T )  becomes m o r e  peaked at 
T>O, but C ( T =  0) d o e s  not become infinite because of 
the res t r i c t ion  To,, > Tc > To. If C(T) v a r i e s  smoothly, 
AE(T) a l so  v a r i e s  smoothly. When b i t rans i t ions1hp-  
pear  in the sys tem,  E(T) h a s  discontinuities in the f i r s t  
and in the second t ransi t ions.  It is interest ing that if 
q i s  l a rge  enough and K is smal l ,  i .e . ,  T,,*q>>Kc and 
e 2Tor, (usually e - lo3  K a t  p =  0.1-0.5 D), then c =  zo 
independently of the s i z e  of the density jump. This  
c a s e  i s  apparently realized in those c r y s t a l s  in which 
t h e r e  i s  no anomalous behavior of E ( for  example, 
0-AgI, MeAg,I,, CaF, and others3). We note finally 
that the specific heat i s  

C, ( T )  =T (d'FldcL) ,=,,, (dcirl?')'. 

where  c, is the equilibrium value of the concentration, 
experiences a jump a t  Tor*. 

The described model thus explains qualitatively the 
onset of the anomalous behavior of z and c ,  near  the 
superionic-transition point. Obviously, fo r  a quantita- 
tive comparison with the experimental  data  on M,SbF, 
c rys ta l s  ( s e e  Figs.  1 and 2) we must  use an approxima- 
tion m o r e  accura te  than that of the molecular  field, 
say the c lus te r  a p p r o x i r n a t i ~ n . ~ ~  T o  t h i s  end, however, 

FIG. 5 .  Temperature dependence of the dielectric constant & 

with C ( T )  as indicated in Fig. 4 and at q = 2  for K / 2 B  = 0 . 2  
(curve I ) ,  K / 2 B = 0 . 1 2  (curve 2 ) ,  and K=O (curve 3) .  The po- 
sitions of the curves below the transition are very close, 
therefore only one curve is  indicated at T < 0 .  
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it is necessary  t o  c a r r y  out a l a rge  number of additional 
experiments ,  including an analysis  of the M,SbF, s t ruc-  
t u r e  below T,, . 

We now compare  our  r e s u l t s  with the e a r l i e r  
ones.16*17 We put in Eqs .  (3) and (5) z = 1, q = 2, and K 
= 0. Substituting then s = t a n h ( @ p ~ / 2 )  f rom (5a) in (5b), 
we obtain the relat ion given in Ref. 16: 

and discussed there  in connection with the onset of a 
superionic s ta te  induced by an e lec t r ic  field E. 

We put V ,  = Jib = 0 and 6,, = const in the Hamiltonian 
(1) (in which c a s e  E should be taken to mean the field 
determined by the polarization of the medium and cal- 
culated in Ref. 17  f rom the Cnsager  model). Assuming 
that 77,2 = 0 and q,l= 1 on z in te r s t i ces  we obtain f rom 
(1) the relation cited in Ref. 17  

with A ' =  Al -plE(c). It must be noted that within the  
framework of the theory of Ref. 17  the dielectr ic  con- 
stant c must behave anomalously a s  soon a s  a super-  
ionic transition occurs  in the sys tem.  In our  model, 
however, when the number q of the dipole direct ions in 
the cel l  becomes la rge  enough, we  have c = c, = const.  
Thus, chain and layer  s t r u c t u r e s ,  such a s  M,SbF,, a r e  
the most suitable objects f o r  the investigation of the di- 
e lectr ic  anomalies connected with ionic disordering.  

In conclusion, we a r e  deeply grateful  t o  the staff 
members  of the Crystallography Institute of the USSR 
Academy of Sciences and of the Inst.  of Inorganic 
Chemistry of the Siberian Division of the Academy, 
A.I. Baranov, V.R. Belosludov, A.P.  Levanyuk, V.I. 
Simonov, and L.A. Shuvalov, a s  well a s  to  V.G. Vaks, 
for  a discussion of the resu l t s .  
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