
PH YSICAL RE VIE% B VOLUME 15, N UMBER 12 15 JUTE 1977
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In specific-heat measurements of the solid electrolyte (C,H,NH)Ag, I6, the disordering of the silver ions shows
up in the form of a Schottky-type anomaly. A model calculation of the site occupancies of the Ag+ ions and
the excess specific heat reproduces the main features of the gradual transition to the solid-electrolyte state in
this compound and proves that correlations between Ag+ ions play an important role. Single-crystal
conductivity measurements were carried out both along and perpendicular to the hexagonal axis. The large
anisotropy of the conductivity at low temperatures ascertains that the motion of the Ag+ ions through the
channels provided by the c sites is much easier than the motion via pathways involving rn sites. In addition,
the specific-heat measurements show the existence of a second-order phase transition which is probably
associated with the orientational disordering of the pyridinium ions. Finally, single-crystal conductivity results
of (C,H,NH)5Ag»I» are presented which confirm the prediction of Geller et al. that this material is a two-
dimensional solid electrolyte.

I. INTRODUCTION

A recent study of Geller' and Qeller and Owens'
reveals that the solid electrolyte pyridinium-
pentasilver-hexaiodide, (C,H,NH)Ag, g, is unique
amongst the large number of solid electrolytes
on the basis of AgI, discovered to date. ' In most
AgI-based solid electrolytes the transition, if
one exists, to the solid-electrolyte phase is of
first order. In PyrAg, I„however, this transition
takes place without a change of phase. At -30'C
the Ag' ions in PyrAg, g are essentially ordered;
the 10 Ag' ions per unit cell occupy the 4c and 6f
sites of the hexagonal unit cell, belonging to the
space group P6/yacc (D,'„). With increasing tem-
perature these sites are gradually depopulated and
the Ag' iona partly oeeupy the 24' sites. Above
about 50 'C the system is in a state of high dis-
order. Similar gradual order-disorder transi-
tions have been observed in some anion conduc-
tors. 4

In this paper we present specific-heat data of
PyrAg, I, and single-crystal conductivity measure-
ments both along and perpend'. cular to the hexa-
gonal axis. In a model calculation of the site oc-
cuparicies and the specific-heat contribution from
the disordering of the Ag' ions, using the quasi-
chemical approximation, we account for the main
features of the transition and investigate the role
of correlations between the Ag' ions.

vection method. The growing solution was pre-
pared by saturating the hydrogen iodide solution
first with AgI (Merck) and afterwards with a 1:5
molar mixture of PyrI apd AgI at 35'C. This solu-
tion was introduced into the crystal growing ap-
paratus (Fig. 1) consisting of a compartment which
was held at 40 'C (T,), connected at the top and
at the bottom to a compartment held at 30'C (T,).
%hen necessary the velocity of circulation of the
liquid was reduced by some glass wool. In the
40'C compartment, powdered PyrAg, I was in-
troduced in a glass container having some slits
in the bottom. The crystals grew on the walls of
the 30'C compartment. After a few weeks the
crystals were collected. Needles up to 5-mm long
with a cross section of 1 mm were obtained in
this way. Crystals of Pyr, Ag»i„were grown in a

II. EXPERIMENTAL C

Pyridinium iodide was obtained from pyridine
(Merck, analytical) and hydrogen iodide (57o/o)

(Merck, analytical) and was recrystallized sever-
al times from ethanol. Crystals of PyrAg, I,
were grown from hydrogen iodide (57%) by a con- FIG. 1. Crystal growing apparatus for PyrAg5$.
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similar way.
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TABLE I. Specific conductivity values at room tem-
perature and low-temperature limiting activation ener-
gies of PyrAg5I&, parallel, and perpendicular to the hexa-
gonal axis.

~[85 K

(9 ~cm ~)

0 295 Kj
(& ~cm ~) Eii (e&) Eg, (eV)

0.17 0.04 0.26 0.42

ferent for different crystals. The slopes of the
curves at low. temperatures, however, are almost
the same. The low-temperature activation ener-
gies and the absolute values at room temperature
are given in 'Table I. The absolute value of 0, is
somewhat uncertain, presumably because of the
varying quality of the contacts with the amalgamat-
ed silver electrodes. The agreement between the
powder measurements of Geller and Owens' and
the corresponding values calculated from our data,
using the relation

o~ = ,' ((r„+—2o,),
is very good. In order to avoid the interference
of 0, and 0;„crystals used for the measurement
of o;, were chosen to have an I/d ratio as large as
possible, ' where / is the length of the hexagonal
needle and d is the cross section. In practice an
l/d ratio of five was realized, which allows one
to measure anisotropy factors up to about 25.

In addition, the conductivity of the bright yellow
crystals of Pyr, Ag]8I» were measured in the same
way. 'The measurements confirm the prediction
of Geller et al. ' that this material is a two-dimen-
sional conductor. At room temperature the value
of o„was found to be three to four orders of mag-
nitude less than o,. For o, a value of 1.7 && 10 '
0 ' cm ' was found. The real value for o„how-
ever, must be higher because the I/d ratio of the
crystals used was about one —far too large to avoid
a mixing of 0, and a„. The activation energy for
o, of 0.21 eV, obtained from measurements over
the temperature range of 160-300'K, is in per-
fect agreement with the value from powder mea-
surements. ' No anomalous contribution to the
specific heat was observed between 100 and 400 'K

for this material.
Both the specific-heat data and the conductivity

data of PyrAg, I, suggest that interactions between
the Ag' ions play an important role. 'The specific-
heat anomaly is much sharper than would be ex-
pected on a model taking into account only the dif-
ferences in site energy. " The rather drastic in-
crease of the slope of the logo vs 1/T curve at the
low-temperature side of the transition even sug-
gests that the excitation of Ag' ions to the m sites
occurs to some extent in a cooperative way. Such

a behavior is expected if the interactions between
the conducting ions are such that they tend to stab-
ilize the ordered low-temperature state, but on
the other hand allow for a disordered state at high
temperatures. This will be the case if the interac-
tion between ions on sites which are empty in the
ordered state (the m sites in PyrAg, I, ) and ions
on sites being occupied in the ordered state (the
c and f sites) is strong and repulsive. This is
easily seen to be true for simultaneously occupied
m and f sites, ' because the distance between the
sites is only 1.6 'A, but is less obvious for simul-
taneously occupied neighboring m and c sites.

The simplest approximate method to describe
order -disorder phenomena, including correlation
effects in an average way, is the Bragg-Williams
approximation. This approach was used recently
by Pardee and Mahan" in their theoretical treat-
ment of the thermodynamics and transport proper-
ties of solid electrolytes. In contrast to these
authors, we found that this approximation results
in a rather poor fit of the experimental fractional
occupancies of the Ag' ions in PyrAg, I,." At low
temperature the calculated curves vary too smooth-
ly with temperature, whereas at high temperature
they approach the asymptotic high temperature
value of —,'4 too fast. In addition, a first-order
phase transition is obtained for U/& ratios larger
than 1.2." To improve on this we will use the
quasichemical approximation, a method, taking
short-range order into account more explicitly.

IV. QUASICHEMICAL APPROXIMATION

The quasichemical approximation of Fowler and

Guggenheim" has been successfully applied to de-
scribe order-disorder phenomena in binary alloy
systems. It has the advantage over other methods
of being applicable to more complex systems. "
Wiedersich and Johnston" have used this method
to calculate the excess specific heat from disarder
of the Ag' ions in HbAg4I, . The cluster variation
method, which was applied to P-alumina by Kikuchi
and Sato" gives identical results to the quasichem-
ical method up to the pair approximation.

Instead of applying the method directly to the

PyrAg, I, compound, it seems worthwhile to re-
derive the general equations for a solid electrolyte.
To this end, we consider a solid in which ions of
only one kind are distributed over several different
types of sites. Of the total number N of sites
of type n, a fraction pP is occupied and a fraction

p, = 1-p, is empty. Interactions between the ions
are taken into account up to the nearest neighbors.
The total energy of the system as far as the con-
duction ions are concerned may be expressed as

s=g Q g q.,q~~, s, (2)
e g+o i, g
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TABLE II. Relations between the quantities p"; and q;~8. The equilibrium configuration of the system is ob-
tained by maximizing in%' with respect to the pa-
rameters p, and q„e, subject to condition (3) and

8 —pe Qp(=1 gN p, =n, (7)

& =&0+ Z N Pi &n+ Z Z QaeqII ~me ) (3)

with

(3a)

where the total number of neighboring pairs of o.

and P sites (Q 8) has been divided into four cate-
gories depending on whether the sites are occupied
or empty. The index i takes on the value l if site
a is occupied and the value 0 if site n is empty,
and j does the same with respect to p. The e&&e

represent the energies of these pairs. The q, &8

are the fractional number of ij pairs and are mu-
tually dependent quantities. Their relationships
are given in Table II. Using these relations, Eq.
(1) may be rewritten

where n is the total number of conduction ions in
the system. This procedure results in a set of
coupled equations

ln x + g~8ln o~ ~io~
~ 8

l„(q eq 8/q eq e) (8b)

S=yQ Q Q 8 NQ-(p 1np~)
8&I

+Q Q eg(q„'inq, Ie)
8~+ ij

and the specific heat may be calculated from

where p, is the chemical potential.
From E(ls. (7) and (8) the temperature dependence

of the fractional occupancies p, and the fractional
number of pairs of simultaneously occupied ot and
p sites q» can be determined if the energies e
and E 8 are known. The configurational entropy
is given by

&e = ~a8 ~j.o —~oo
8

a8 0(, 8 0.8 0.8~o8= ~xi + ~oo —~io —~oi ~

(3b)

(3c)

z 8 is the number of nearest-neighbor P-type sites
of a site of type 0.. Eo may be taken as the zero
of energy. The second term of E(I. (3) is the sum
of single-particle energies, and the last term
contains the effective nearest-neighbor interaction
energies.

Now, according to the quasichemical approxima-
tion the total number of possible configurations
of ions is proportional to the number of ways one
can divide the Q 8 pairs into the four groups of
pairs defined above, i.e.,

K is a normalizing factor, which may be deter-
mined by noting that the values of the q, &8 which
maximize 8'are the values q;z ——p, p,-, correspond-
ing to complete randomness, so that

N I

II;()(.~;))) '

Hence

(6)

V. APPLICATION TO FyrAg5 I6

In PyrAg, I, there are three types of sites over
which the Ag' ions are distributed, i.e., 6f, 4c,
and 24m sites. ' Every c site has six m and two
other c sites as nearest neighbors, every f site
has four m sites as nearest neighbors, and every
msitehasonem, onef, and one c site as a nearest
neighbor. Therefore, if we would apply the above
equations as such to this material, we would have
six unknown energy parameters; i.e., z
c& —E„&„,&, , af, and e . One way to sim-
plify the problem is to assume some kind of relation
between the interaction energies. In applying .the
quasichemical approximation to the solid electro-
lyte BbAg, I» %'iedersich and Johnston" assumed
that the interaction energies are inversely propor-
tional to the interionie distances. However, such
a simple relation is not realistic, in particular
because these interaction energies also contain
contributions caused by deformation of the iodide
framework. Even if these parameters were known,
the method is expected to give only qualitative
agreement because of the neglect of high-order
clusters. Therefore, we will try to reproduce the
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p is the fractional oceupaney of m sites, q is the
number of pairs of simultaneously occupied n and
m sites, and & is the site energy difference be-
tween m and n sites. In obtaining Eq. (11) we
have introduced

FIG. 4. Calculated site occupancy and specific heat
for a two-site system in the quasichemical approximation.
Two parameters of the model are the site energy dif-
ference & and the nearest-neighbor pair interaction
energy ~„~.

main features of the transition by taking into ac-
count only the most important of the above param-
eters.

'The terms containing the interaction between
ions on like sites are not expected to contribute
much to the free energy of the system. Although

may be quite large because the distance be-
0

tween neighboring m sites is only 2.0 A, ' the num-
ber of pairs of simultaneously occupied neighbor-
ing m sites will be very small anyway, because
the fractional occupation of m sites is small over
the whole experimental temperature range. Con-
sequently, both the energy and entropy contribu-
tions to the free energy from these pairs will be
small. A similar argument, though less rigorous,
may be used to justify the neglect of interactions
between neighboring empty c sites. As we have
already argued in Sec. IV, the interactions between
ions on c or f sites and on m sites are expected
to be important. We will now make the apparently
very crude assumption that the c and f sites can
be considered as identical as far as the site ener-
gies and the interaction energies are concerned.
The basis for this assumption is that the experi-
mental site occupancies of the c and f sites are
equal within the experimental limits of error over
the temperature range involved. ' In this way we
have reduced the problem to a two-site system.
The sites which are occupied in the ordered state
will be referred to as n sites, and the empty sites
will be referred to as m sites. The number of
nearest-neighbor m sites was taken to be 4.8 so
that the relation s„~„=s„+„is still valid.

For a two-site system having g times as many
m as n sites Eq. (8) reduce to

which follows from Eq. (7).
Putting g=2.4, z„=4.8, and z„„=2, we have

calculated p and CF numerically as a function of
kT/& for different ratios of 4/c„„. The results
of this calculation are shown in Fig. 4.

At low temperatures, Eq. (11) yield a simple
expression for p and q

p=q=g ' 'exp[-(&+z„„c„)/2kT]. (13)

This exponential increase of p is easily under-
stood. At low temperatures the deviation from the
ordered state is very small and almost every ion
at an m site has z „neighbors, adding an amount
z „&„ to the energy necessary to create a Frenkel
pair. As the disorder increases, excitation of
ions to m sites becomes easier because the prob-
ability that the ions occur in configurations such
that the interactions between them are small in-
creases at higher temperatures, and p increases
more rapidly with temperature than according
to Eq. (13). This is most clearly demonstrated
for the case that &„ is very large with respect
to &. Initially p is essentially zero'because the
creation of single Frenkel pairs is not possible.
Above T = 0.42&/k the entropy contribution to the
free energy of more complicated clusters of ions
exceeds the energy contribution and the disorder-
ing process suddenly starts. At very high temper-
atures p approaches the value 1/(g+ 1)= 0.294 as
it should for complete randomness.

From Fig. 4 it is seen that for e„„/6 ratios
larger than one, the position of the maximum in
thy specific heat is mainly determined by the site
energy difference &; whereas the interaction pa-
rameter z is responsible for the shape of the
curve at the low-temperature side of the transi-
tion. It should be noted that for all positive values
of the ratio 4/a„Eg. (11) only have one solution
and that no first- or second-order phase transition
occurs, in agreement with the experimental result
that the space group and unit cell content do not
change through the transition. '
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FIG. 5. Best fit of the model calculation to the experi-
mental site occupancy of the m sites of Geller and Owens
(Ref. 2) and the excess specific heat. For the site energy
difference & a value of 0.065 eV and for the interaction
energy parameter &„~ a value of 0.092 eV was used.

VI. DISCUSSION

'The best fit to both the experimental fractional
occupation of m sites taken from Ref. 2 and our
specific-heat data is shown in Fig. 5. In view
of the approximations involved, the theoretical
curves are seen to reproduce the experimental data
surprisingly well. 'This fit was obtained for a
value of 0.065 eV for the site energy difference
&, and 0.092 eV for the interaction energy e„.

The value of the latter parameter is large with
respect to- kT, even at temperatures above the
transition. 'This means that a simultaneous oc-
cupation of neighboring m and c sites as well as
m and f sites is very unlikely over the whole ex-
perimental temperature range. Instead, the ions
prefer to form configurations in which nearest-
neighbor contact can be avoided. With increasing
disorder, the probability to excite an ion from a
c or f site to an m site, subject to the above re-
striction, increases rapidly. This is the reason
that the site occupancy, the conductivity, and the
specific heat initially increase more than expon-
entially with temperature.

The strong repulsions between the ions also lead
to a more nonrandom distribution of ions in the
disordered state above the transition. If the ions
were uniformly distributed over the available
sites, all site occupancies would be equal and have
the value 0.294. From our calculation we obtain
a value of 0.21 at 125 C, which is in reasonable
agreement with the experimental value of 0.18
+0.04.'

As we have already shown in Sec. V, at suffi~
ciently low temperatures the model predicts that

Frenkel pairs will take over from more complicat-
ed clusters of ions. The conductivity at low tem-
peratures may be considered to result from two
kinds of independent charge carriers: the ions at
m sites and the vacancies at c and f sites. Within
the limitations of the model, their number is
given by Eq. (13). As proposed by Geller, "we will
assume that the ions move through faces shared
by the anion polyhedra. The network of possible
passageways is schematically drawn in Fig. 6.
While there are no paths connecting only the m
sites throughout the whole crystal, an ion at an
m site can only move via vacant c or f sites. Be-
cause almost all these sites are occupied at low
temperatures, the probability for this to happen
is extremely small. At these temperatures the
ions at m sites are therefore not expected to con-
tribute much to the dc conductivity. For the vacan-
cies on the other hand, there are several possi-
bilities to move from one site to another.

The pathways giving the conductivity perpendicu-
lar to the c axis always must involve I sites
(c-m-f). The potential barrier between c (or f)
and m sites thus determines the activation energy
of the conductivity in that direction.

The motion of the ions along the c axis may also
proceed via m sites (c-m-m-c, c-m-m-f, f-m-m-
f). The potential barriers for these jump process-
es are likely to be of the same order of magnitude
or even in excess of the potential barrier in the
process governing the conductivity perpendicular
to the e axis. In addition to the fact that the same
types of jumps are involved, the ion must pass by
an occupied c or f site. From the experimental
low-temperature activation energies for the con-
ductivity (see Table I), however, it may be de-
duced that the barrier for the motion of the Ag'

FIG. 6. Schematic drawing of the possible passageways
for conduction of the Ag+ ions in PyrAg~Ig,
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ions along the c axis is considerably smaller.
This suggests that the conductivity along the c
axis results primarily from vacancies of c sites
moving directly to neighboring c sites.

A rough estimate of the potential barriers, using
the experimental activation energies for the con-
ductivity and assuming that the number of Fr'enkel
pairs is correctly predicted by Eti. (13) with 4
=0.065 eV and c„=0.092 eV, gives a value of
about 0.1 eV for the barrier between neighboring
c sites and 0.3 eV for the barrier between c or
f sites and I sites.

The above considerations confirm'" that the
conductivity in PyrAg, I, predominantly proceeds
via the channels provided by the c sites.
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