
PHYSICAL REVIEW B VOLUME 31, NUMBER 2 15 JANUARY 1985

Far-infrared studies of the phase transition and conduction mechanism
in the fast-ion conductors Ag2HgI4 and Cu2HgI4
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A study of the temperature dependence of the far-infrared reflectance of the fast-ion conductors

Ag2HgI4 and Cu2HgI4 has been completed. These materials are unusual in that the transition into
the fast-ion conducting state is first order with a disordering of several cation species, but no recon-
stitution or symmetry change of the "rigid" anion sublattice. By examining the temperature depen-
dence of the phonon lifetimes, we find that the phase transition into the fast-ion state occurs more
rapidly than in typical fast-ion materials such as AgI. In addition, the low-frequency modes are
strongly anharmonic and tightly coupled to the mobile ions. We conclude that the existence of three
disordering ion species (monovalent silver or copper ions, divalent mercury ions, and vacancies)
leads to a two-component disordering, where the mercury ions act to block the monovalent cation
and vacancy disordering.

I. INTRODUCTION II. CRYSTAL STRUCTURE AND SELECTION RULES

Interest in the phenomenon of fast-ion transport in
solids has grown rapidly over the past decade. ' Fast-ion
conductors (also referred to as superionic conductors or
solid electrolytes) are of continuing interest not only for
their high ionic mobilities and technological promise, but
also as solid-state systems for the study of a wide range of
problems. Research in the areas of ionic diffusion, molec-
ular dynamics, lattice dynamics, nonstoichiometric, disor-
dered, and amorphous solids, and phase transitions have
been successfully carried out using fast-ion conductors
and a wide range of experimental and theoretical tech-
ni'ques. While these materials are linked by their high
ionic conductivities, they display a wide variety of
behavior in both the critical region and in the fast-ion
state. It is unlikely that a single theoretical model will
adequately describe these systems, and this adds to the in-
terest in them.

We have examined the far-infrared response of two ter-
nary compounds, Ag2HgI4 and Cu2HgI4. Our primary in-
terest in these compounds is their unique phase transition.
Both of these materials undergo a first-order phase transi-
tion into the fast-ion state at relatively low temperatures
(323 K for Ag2HgI4 and 340 K for Cu2HgI4, compared to
420 K for AgI), as noted by a sharp discontinuity in the
ionic conductivity. However, unlike the majority of ma-
terials displaying this type of fast-ion transition, for ex-
ample AgI, the phase transition in these materials is total-
ly cation order-disorder with no reconstitution of the
anion sublattice. This phase transition is very rapid and
shows no precursory behavior until just below the transi-
tion temperature. From an examination of the far-
infrared reflectance of these materials from 100 K to
above their phase transition temperatures, we are able to
follow the dynamics of the phase transition and to model
the conduction mechanism.
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FIG. 1. Crystal structures of P-Ag2Hg14, P-Cu2Hglq, and a-
M&HgI4, with M=Ag or Cu.

The crystal structures of Ag2HgI4 and Cu2HgI4 have
been determined by several authors. Ketelaar, in his
pioneering papers, proposed a pseudocubic space group
P42m for the low-temperature P phase of both materials
and a high-temperature a phase in which the iodine lat-
tice retains its symmetry and the cation and vacant lattice
sites become randomly occupied (by either a cation or a
vacancy). Later studies ' showed that the low-
temperature phases are tetragonal and in addition, are not
isostructural, differing in the placement of the two mono-
valent cations (Ag or Cu) and the vacancy (see Fig 1). .
The space groups are I4 and I42m for Ag2HgI4 and
Cu2HgI4, respectively. In the tetragonal structure both
cations (Ag or Cu, and Hg) reside in sites which are
tetrahedrally coordinated with respect to the rigid iodine
lattice. As in Ketelaar s description, the n phase retains
the same iodine structure as in the /3 phase, while the ca-
tion and vacancy sites become equivalent. Another way
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to view these crystal structures is as ordered-vacancy chal-
copyrites whose chemical formulas would be Ag2HgUI4
and Cu2Hg I4. The vacancies in the silver structure are
occupied by the copper ions in the copper structure and
vice versa. In the fast-ion conducting a phase all cations
are distributed among the cation and vacancy sites, and
the salts are isostructural.

There has been some controversy as to the nature of the
most stable low-temperature phase or phases. 01sen and
Harris, from single-crystal x-ray studies, proposed that
the tetragonal phase of Ag2HgI4 is only metastable for
temperatures below the phase transition and after cycling
through the transition the crystal relaxes into a stable cu-
bic phase. Raman scattering, transport, and specific heat
studies have shown the existence of a variety of phases of
these materials above ambient pressure. " However, at
room temperature the first phase boundary in Ag2Hgl&
appears at 3.3 kbar and at 8.0 kbar in Cu2HgI4.

Recently Browal et al. carried out an exhaustive
structural analysis on single crystals of Ag2HgI4 and
found that their results depended on the quality and
method of preparation of the crystals. They concluded,
based on data from the best single crystals, that the
tetragonal phase was the only stable low-temperature
phase and the apparent phase change after cycling could
be explained by the formation of domains with the tetrag-
onal c axis randomly oriented along the three spatial axes,
thus giving the impression of a cubic lattice. The inter-
pretation of a single low-temperature phase has the broad-
est base of support of the two views at present.

Assuming the P phase is tetragonal, the number and
symmetry of normal modes can be determined. Group-
theory analysis finds the following numbers and sym-
metries for the 18 optical modes in each material:

AgpHgI4. 3A +5B+5E,
Cu2HgI4. 2A )+A2+2B)+382+SE .

The infrared and Raman selection rules give the following
allowed-mode symmetries.

Infrared Raman

Ag 58 +5E (10 bands) 3 A +58+5E (13 bands)
Cu 382+5E (8 bands) 22~+28&+382+5E (12 bands)

Using projection operators, we find that the B symmetry
modes involve motion of the cation along the tetragonal c
axis (z), and the E modes involve motion of the cations
along the a or b axes (x or y). For infrared processes, ' 8
modes couple to electric fields along the z axis and E
modes couple to fields in the xy plane, so that polarized
spectra would determine the mode-symmetry assignments
uniquely. Unfortunately we were unable to grow single
crystals of sufficient size to measure polarized spectra.
However, Raman spectra are available for both materi-
als, '" ' and since, for these materials, all infrared-active
modes are also Raman active, some symmetry assign-
ments have already been made.

III. EXPERIMENTAL DETAILS

The samples used were polycrystalline compacted pel-
lets prepared from material supplied by Ryan Dupon of

Northwestern University and produced as in Ref. 15.
Care must be taken in preparing and handling the samples
for optical studies as both materials can be easily modi-
fied. Both salts decompose before melting and are subject
to HgIz loss from vaporization at elevated temperatures
and at low pressures. Hglq may also be leached out of the
sample by a variety of organic solvents, and at elevated
temperatures the samples will react with metals (particu-
larly copper and silver). The silver material is mildly
light sensitive and the copper material is somewhat hy-
groscopic. In addition they can be easily decomposed by a
too rapid application of high pressures. The powders
were pressed into a pellet —„ in. in diameter in a stainless-
steel die with lapped surfaces. To avoid phase changes
and component separation, the pressure was increased in
(2.3 X 10 )-N/m increments, waiting at least 30 s between
each increment, to a final pressure of 2.3X10 N/m .
When necessary, the sample surfaces were polished in
stages starting with no. 600 grit paper, then several sizes
of alumina polishing powders, and finally ~ -pm diamond
powder and lens paper. This procedure resulted in a pellet
whose surface reproducibly produced spectra of the bulk
material.

Temperatures above room temperature were obtained
using an Ohmic heated hot finger, while temperatures
from ambient to 100 K were achieved with a continuous-
transfer liquid-nitrogen cold finger. Calibrated thin-film
platinum resistance thermometers' and electronic tem-
perature control' were used. The sample mounts and
holders were designed to eliminate stray light reflected
from the sample mounting or transmitted by the sample
from reaching the exit optics. To ensure good thermal
contact and reliable thermometry the sample pellets were
attached to annular copper forms with a high thermal
conductivity, silica-filled epoxy. ' Care was taken to
avoid direct contact between the samples and the copper
mounts. For temperature-dependent measurements,
type-T (copper-Constantan) thermocouples were bonded
to the back side of the samples with epoxy. These ther-
mocouples gave an estimate of the front surface tempera-
ture for monitoring purposes during the data run. Direct
temperature calibrations were made after the data were
taken by bonding type-T thermocouples to the front sur-
face of the sample. The absolute temperature was deter-
mined by a differential thermocouple with one junction
mounted on the sample and the other on the platinum
resistance thermometer in the heater block. When above.
room temperature, the sample was kept in an atmosphere
of dry argon to avoid decomposition. After each run
above or below room temperature, the room-temperature
spectra were remeasured to check for damage to the sam-
ple surface.

Unpolarized reflectance spectra were measured at near-
normal incidence in the range 6—4000 cm '. In the far
infrared (6—400 cm ') a modified Beckman model
FS720 Michelson Interferometer was used. The inter-
ferometer was controlled by a Digital Equipment Cor-
poration PDP11/23 minicomputer which was also used
for real time data acquisition and Fourier-transform
analysis. Care was taken to filter out the intense visible
and ultraviolet light from the mercury arc source before it
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reached the sample. Two gallium-doped germanium com-
posite bolometers' were used. One optimized for low fre-
quency and low background radiation was operated at 1.7
K, and another optimized for higher frequency use was
operated at 4.2 K. A combination of scatter and
transmission low pass filters were mounted in the detector
cryostat and cooled to either 1.7 or 4.2 K. Standard
phase-sensitive detection techniques were used with an
ultra-low noise preamplifier and lock-in amplifier input to
an analog-to-digital converter. Additional noise reduction
and spectral averaging as well as Fourier transformation
and normalization were carried out in software. At room
temperature the spectra were extended into the infrared
(250—4000 cm ') using a Nicolet MX1-E fast-scan
Fourier-transform spectrometer. Additional details of the
experimental apparatus and sample preparation tech-
niques have been reported elsewhere.
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FIG. 2. Far-infrared room-temperature reflectivity of 13-

AgzHgI4 and P-CuzHg14.

IV. RESULTS

The far-infrared room-temperature compacted pellet re-
flectance of Ag2HgI4 and Cu2HgI4 are shown in Fig. 2.
From 200 to 4000 cm ' the reflectance of both materials
was small ( & 10%) and featureless. Transmission spectra
taken at room temperature show that both materials be-
come increasingly transparent below 20 cm '. This ac-
counts for the apparent rise in reflectivity at the lowest
frequencies shown, which we attribute to reflected power
from the back surface. Above the phase transition the
transmittance remains negligible throughout the far in-
frared. For both materials, the room-temperature reflec-
tance spectra can be separated into two regions. Grieg
et al. ' observe the same separation in their Raman spec-
tra and attribute the higher frequency bands to predom-
inantly "bond-stretching" modes and the lower frequency
modes to "bond bending. "

We model the optical response of these materials using
a sum of classical damped harmonic oscillators (Lorentzi-
an modes). The frequency-dependent complex dielectric
function (the response function responsible for the mea-
sured spectra) is then written as: '

2

e(co) =e„+g z
fj czoj

J CO —COO. —Ep COJ J

ty. When damping becomes significant more care must be
taken in obtaining the mode frequencies.

We obtain the complex dielectric function from the
measured reflectance by using a Kramers-Kronig
analysis. This technique allows for the calculation of
the frequency-dependent complex dielectric function from
a knowledge of the refiectivity over all frequencies. Ex-
trapolations are made for frequencies outside of the exper-
imentally measured range. At high frequency, free-
electron behavior is simulated and our low-frequency ex-
trapolations were chosen to agree with the microwave
dielectric . constant and conductivity measurements of
Wong and co-workers. ' * Below the phase transition the
microwave dielectric function is nearly constant, while in
the fast-ion state it rises below 0.25 cm '. 'Checks of
various extrapolations to this data show little effect on
our results above 10—15 cm '. Experience has shown
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where e is the electronic part of the dielectric constant,

fj (or Sj) the oscillator strength, ctzoj the mode frequen-
cy, and yj the damping coefficient.

The imaginary part of the dielectric constant is related
to the real part of the conductivity as

0
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Normally the dielectric function is more easily visually in-
terpreted than the reflectance. For small damping, the
peaks of e2 occur at the transverse optical mode frequen-
cies. The width of the modes at half maximum is the
damping or inverse lifetime. Via the sum rules, the oscil-
lator 'strength is proportional to the integrated conductivi-
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FIG. 3. The imaginary part of the room-temperature dielec-
tric function [ez(cz)], determined by Kramers-Kronig analysis,
versus frequency. (a), P-AgzHg14, (b), P-CuzHg14.
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Flax. 4. The imaginary part of the dielectric function [e2(co)],
determined by Kramers-Kronig analysis at 100 K, versus fre-
quency. (a), P-Ag2HgI4, (b), P'-Cu2HgI4.

that when the data- extend over several decades or more in
frequency and reasonable care is taken in the extrapola-
tions, the Kramers-Kronig technique gives reliable and
reproducible results. The resulting frequency dependence
of the imaginary part of the dielectric functions (e2) is
shown in Fig. 3.

The normal mode parameters (frequency, width, and
oscillator strength) were obtained by fitting the imaginary
part of the dielectric function to the Lorentzian oscillator
model. This procedure has been found to be easier than a
direct fit to the refiectivity because of the more direct in-
terpretation of the fitting parameters in terms of struc-
tures in the imaginary part of the dielectric function. The
parameters are then refined by a direct fit to the reflectivi-
ty, which assures against any deleterious effects of the ex-
trapolations used in the Kramers-Kronig transformation.

Low-temperature reflectance spectra were obtained at
IOO and 200 K, and e2 at 100 K is shown in Fig. 4. The
100-K spectra allow us to better resolve the modes in both
spectral regions. The high-frequency region (80 to 140.
cm ') contains three well-defined modes in the Ag2HgI4
spectrum and two in the Cu2HgI4 spectrum. The low-
frequency regions contain four modes for the silver salt,
and two well-defined modes and two shoulders appear in
the copper material. The 100-, 200-, and 296-K mode fre-
quencies obtained from the oscillator fits are listed in
Tables I and II along with the reported Raman mode fre-
quencies. For the copper sample, only the shoulder at
53.2 cm ' is included since it persists at higher tempera-
tures, while the other shoulder (-43 cm ') disappears.
The far-infrared data from Joy on Cu2HgI4 are also list-
ed.

Mong and co-workers have observed a reproducible but
transient peak in the microwave conductivity (at both 24
and 70 GHz) at or just before the phase transition. '

Slowly heating through the phase transition, while moni-
toring the broad-band (15—75 cm ') reflected power, no
similar unusual behavior was seen. At lower frequencies
(below 20 cm ') a similar search of the transmittance was
also uneventful. The sensitivity of our search would be
limited by the efficiency of our spectrometer to above ap-
proximately 6—8 cm

V. DISCUSSION

Referring to Tables I and II, we see there is excellent
agreement between our far-infrared results and the report-
ed Raman modes. without polarized single-crystal mea-
surements, further symmetry assignments cannot be made
precisely, however, some tentative assignments can be
made from a consideration of the oscillator strengths of
the observed modes. Modes of 8 symmetry are excited by
electric fields along the z axis, while modes of E type
respond to fields in the xy plane. For polycrystalline
compactions and an unpolarized incident beam, one-third
of the electric field is along any one of the Cartesian axes
of microdomains. This implies that only one-third of the
total number of oscillators along a given direction are ex-
cited. All other factors being equal, the doubly degenerate

TABLE I. Classical oscillator parameters for the far-infrared modes of p-Ag2HgI4 as a function of temperature. e„=4.1. Ques-
tion marks indicate uncertain mode assignment.

Frequency co„(cm ')
100 K 200 K 296 K

Oscillator strength f
100 K 296 K

Damping y (cm ') ir mode
100 K 200 K 296 K symmetry'

Raman mode
frequency"

Raman mode
symmetryb

25.2
31.4
35.8
41.0

95.0
110.0
121.0

24.9
30.3
35.2
40.3

92.0
110.0
119.0

24.8
29.8
35.1
39.5

95.0
108.0
120.0

1.06
0.48
0.55
0.12

1.05
0.47
0.21

0.55
0.20
0.37
0.12

1.88
0.24
0.19

1.6
1.6
1.6
3.2

12.0
9.0
8.0

1.7
2.4
1.7
3.4

18.0
14.0
11.0

2.0
2.5
1.8
3.0

28.0
15,5
14.5

B?E
B?E
B?E

, 24.4
29.3
34.7
40.0
81.0
96'

106'
121'
122

E
B

B

'?

?
?

'Assignments based on oscillator strength arguments in this work.
"Some variation (+2—3 cm ') exists in the reported Raman frequencies. Data given are taken from Refs. 13 and 14.
'Observed only at low temperatures (182 and 8 K).
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TABLE II. Classical oscillator parameters for the far-infrared modes of P-CuzHglq as a function of temperature. e„=5. l. Ques-
tion marks indicate uncertain mode assigment.

Frequency co„(cm ') Oscillator strength f Damping y (cm ') ir mode frequency ir mode Raman mode Raman mode
100 K 200 K 296 K 100 K 296 K 100 K 200 K 296 K from Joy' symmetry frequency' symmetry

37.5
49.0
53.2

36.8
48.3
52.0

36.8
48.0
51.3

116.2 115.0 116.8
131.4 129.0 126.5

0.64
0.77
0.28

0.89
0.38

0.22
0.59
0.38

1.54
0.19

1.5
13
4.0

7.0
5.0

2.0
1.4
5.0

10.0
7.0

1.7
2.0
4.8

17.0
9.0

35.8
40.1

88.6
117.8
124.6

B2PE
B2PE

37.0
48.0
53.0
85

119
127

A gPBi

A)M)
?

'From Ref. 25.
Assignments based on oscillator strength arguments in this work.

'Some variation (+2—3 cm ') exists in the reported Rarnan frequencies. Data given are taken from Refs. 13 and 14.

E modes would have twice the oscillator strength of the
singlet B modes. Greig et al. " associate the low-
frequency modes in their Raman data with metal halogen
deformations, and from factor group analysis, point out
there should be 2B +E Ag-I and 2B +E HgI4 infrared-
active deformation modes. It can be expected that the B-
and E-type modes for each type of deformation have
about the same coupling to the field. Therefore we expect
this assumption (of all other factors being equal) to be
valid for the low-frequency modes in both materials. In
AgzHgl4 the four lowest frequency modes support this as-
sumption. The two lowest modes (Ag-I deformation)
have strengths differing by approximately a factor of 2;
similarly for the other two low-frequency modes (HgI4 de-
formation modes). Using the same arguments for
CuzHglq we would assign the two strongest low-frequency
modes (36.8 and 48 cm ') E symmetry and the weaker
shoulder (53 cm ') Bz symmetry. However, there is a
discrepancy between these and the Raman mode assign-
ments. The 48-cm ' mode has been assigned either 3 i or
Bi symmetry, neither of which are infrared allowed. It is
possible this assignment is correct and the infrared mode
we see is degenerate or nearly degenerate with it. Raman
spectra taken at 12 K show that the region between 53
and 48 cm ' may contain as many as three modes, lend-
ing support to this hypothesis. Joy observed a weak
mode at 88.6 cm ' which may correspond to a broad,
poorly defined feature in our spectra at about the same
frequency. The only Raman peak in that region is a fairly
strong 85-cm ' peak which is assigned (not very confi-
dently) 3 1 or B&,' neither of which are infrared active.
The high-frequency far-infrared modes have not been as-
signed symmetries, since they are very weak in the Raman
spectra and are seen at low temperatures only. In contrast
to the Rarnan spectra, the stretching modes in the in-
frared are strong (corresponding to the main reststrahlen
bands in binary ionic salts); unfortunately, without polar-
ized spectra no symmetries could be assigned.

The imaginary part of the dielectric function at room
temperature (296 K), and at several temperatures near and
on either side of the phase transition is shown in Figs. 5(a)
(AgzHgI4) and 5(b) (CuzHgl4). The spectra of both ma-
terials exhibit the same qualitative behavior as the tem-
perature is raised through the transition (323 K for
AgzHglq and 340 K for CuzHgl4). All of the modes
broaden dramatically and soften slightly. This behavior is
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FIG. 5. The imaginary part of the dielectric function [ez(co)]

versus frequency at room temperature and at temperatures irn-
mediately below and above the phase transition. (a), Ag2HgI4,
T, =323 K; (b), Cu2HgIg, T, =340 K.
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common in fast-ion conductors where it is usually attri-
buted to the disordering of the local environments and the
decrease in phonon lifetimes associated with coupling to
the mobile ions. Peyrard and Misset observed the tem-
perature dependence of the 108-cm ' (Ag —I stretch)
mode of AgI and proposed a simple model of its behavior.
AgI exhibits a first-order phase transition (reconstitutive
plus order-disorder) at 420 K in which it transforms
discontinuously from a normal ionic conductor to a fast-
ion conductor. For temperatures far below the transition
temperature, the mode width varies linearly with tempera-
ture, indicating that cubic anharmonicity is the dominant
phonon-decay process. With increasing temperature, the
effects of the mobile silver cations on the mode width be-
come apparent (even at temperatures 30 to 40 K below the
transition temperature). Peyrard and Misset suggest the
mode width is of the form

30—
E
O

I

300100 200

TEMPERATURE (K)
FIG. 6. Mode widths, determined by Lorentzian oscillator

fits to the reflectance, versus temperature for Ag2HgI4 stretch-
ing modes. The room-temperature mode frequencies are as fol-
lows: 0, 95 cm '; +, 108 cm '; and 0, 120 cm

y =yo+aT+bo(0)
where yo, a, and b are constants to be determined by fit-
ting the measured mode width and cr(0) is the measured
dc ionic conductivity. The first two terms represent the
zero temperature width and the cubic anharmonicity and
the last represents the coupling of the phonons to the
mobile ions (the dc conductivity is assumed to be propor-
tional to the concentration of mobile ions). Despite the
simplifications in this model, good agreement with the
measured mode widths in AgI was obtained.

There are several differences between AgI and M2HgI4
(M =Ag, Cu). One important difference is that the
M2Hg14, materials remain ordered (in contrast to AgI) un-
til very near the transition temperature, when rapid disor-
dering occurs. Disordering in M2HgI4 involves two ca-
tions (M+ and Hg +), as opposed to th'e single disorder-
ing species in AgI; and, as we will discuss below, this
plays a significant role in the unique behavior of these
materials. The temperature dependence of the measured
stretching mode widths (equal to the inverse phonon life-
times) for Ag2HgI& is shown in Fig. 6. The copper sample
exhibits similar behavior, but the overlapping of the
modes results in large uncertainties in the fit-derived
mode widths making quantitative analysis difficult.
Above the phase transition, the modes in both materials

are impossible to quantitatively resolve with any accuracy.
Below the transition temperature, the stretching mode

widths are linearly increasing, consistent with cubic
anharmonicity (see Fig. 6). This is in agreement with
pressure-dependent Raman measurements' which show
the Ag —I and Cu —I stretching modes exhibiting large
anharmonicities. These modes are expected to involve
both M—I and Hg —I bond stretching and the mode
broadening is uniform. At first glance this observation
appears to be at odds with the large difference in mobili-
ties of the M and Hg ions (Ag is approximately 40 times
more mobile than Hg), and the M—I stretching modes
might be expected to broaden more than the Hg —I modes.
Our results thus indicate strong coupling exists between
these modes. Nitzan et al. proposed a model describing
the observed temperature-dependent line broadening of
the stretching modes in the Raman spectra of compounds
of the form MqNX4, (M=Ag, Cu, In, T1,K; N=Hg, Zn;
and X=Br,l). For M2Hg14 these modes occur at 122 and
82 cm ' (Ag), and 127 and 85 cm ' (Cu). The higher
frequency mode is associated with a Hg —I stretch (or
"breathing") mode and the lower with a M—I stretch
mode. The large mobility difference suggests that the
M—I stretch mode will have both oscillatory and dif-
fusive character above the transition while the Hg —I
mode will be mostly oscillatory. In the mode1, the
dynamics of the M—I mode is described by a generalized
Langenvin equation of motion and a memory function,
while the dynamics of the Hg —I mode is described by a
damped harmonic oscillator. The coupling between the
modes is provided by another memory function which
contains the correlation effects linking the mobile M+ ca-
tions to the less mobile Hg +. The resulting calculated
mode width agrees very well with the experimental values.
Without a complete description of the dynamics of the
stretching modes, we cannot extend this theory; however,
the existence of a strong mode-coupling mechanism
demonstrated by this model does give us some insight into
the uniform broadening we have observed in this frequen-
cy range.

McOmber et al. ' ' have assigned the lowest frequency
infrared mode in each material to the attempt frequency
(Ag, 24 cm '; Cu, 36 cm '). This assignment is based
primarily on the scaling of these two modes with the in-
verse square root of the ion mass, indicative of a major

'
contribution to these modes from the bare ions. However,
the concept of an attempt frequency is poorly defined in
these materials, particularly since the conduction path is
likely to involve motion along all three axes (from one
tetrahedral site through an octahedral site into another
tetrahedral site). The cooperative motion needed for this
type of motion again suggests that the modes become
strongly coupled in the ionically conducting phase and
possibly just below the transition temperature as well.
Our results demonstrate that all of the low-frequency
modes broaden together as the transition is approached,
which confirms the strong coupling between modes sug-
gested above.

The temperature dependence of the deformation mode
widths in AgzHgI4 is shown in Fig. 7. The phase transi-
tion involves no structural change other than the disorder-
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parameter is strongly temperature dependent for this tran-
sition; which, as was mentioned above, is not the norm for
order-disorder transitions in fast-ion conductors. To first
order in the conductivity and ignoring anharmonicity, we
write the temperature dependence of the mode width as

y=yo+~o(O) .

The solid lines in Fig. 7 represent fits to this relationship,
where we have used the measured dc conductivity. The
excellent results of this analysis reinforces our interpreta-
tion of the mode broadening as due to coupling to mobile
ions, with a much smaller anharmonicity than that seen in
the higher frequency stretching modes.
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ing of the cations and an increase in the mobility of M+
ions by approximately two orders of magnitude; therefore,
the major contribution to the mode broadening is expected
to come from lifetime effects associated with coupling of
the phonons to the diffusing ions. In the case where cou-
pling to the diffusing ions dominates, the mode width (or
inverse lifetime) is proportional to the concentration. of
mobile cations. The exact form of the order parameter is
not known for this phase transition; however, it is expect-
ed to be a function of the mobile cation concentration.
Since the dc conductivity is also proportional to the con-
centration of mobile ions, we expect a simple relationship
between the conductivity and the phonon lifetime or mode
width. Thus the mode broadening is expected to mimic
the order parameter. Our results indicate that the order

200 300
TEMPERATURE (K)

FICi. 7. Mode widths, determined by Lorentzian oscillator
fits to the reflectance, versus temperature for Ag2HgI deforma-
tion modes. The solid lines are from fits to y=y0+Aa(dc) in
the phase-transition region. The room-temperature mode fre-
quencies are as follows. (a): +, 24.8 cm '; +, 29.8 cm '. (b):
Q', 35.1 cm ', 4, 39.5 cm

V. THE PHASE TRANSITION AND
THE CONDUCTION MECHANISM

The transition in these materials is unique as it is first
order, with a large discontinuity in the ionic conductivity,
but does not include a symmetry change (or reconstitu-
tion) in the immobile ion sublattice. In many respects the
phase transition in these salts is similar to the order-
disorder transition in binary alloys such as Cu3Au. In
these systems, however, there are effectively three dif-
ferent entities disordering; the mobile cations (Ag+ or
Cu+), the Hg + ions, and the vacancy. Hibma et al.
have studied the local order in a-AgzHgl~ by diffuse x-ray
scattering techniques. They conclude that the most likely
situation is that the Hg + ions are locally ordered over the
corners of a cube with the silver ions and vacancies ran-
domly distributed over the face centers. In this model the
situation is similar to that of Cu3Au, with the Hg + act-
ing as the gold atoms and the Ag ions and the vacancies
behaving as the copper atoms. These authors also point
out that it is likely that some ions will be considerably dis-
placed from their average positions, by the variations in
their local environment.

Girvin and Mahan have constructed a two-component
lattice-gas model to describe this phase transition. Since
there is no volume change associated with the transition,
and the immobile ion sublattice does not change symme-
try, it is reasonable to assume it does not participate
directly in the phase transition, and therefore this model
considers only the cation and vacancy sublattice. The
theory correctly predicts the first-order nature of the
phase transition; however, since the Hamiltonian does not
include a hopping term, it gives no information about the
dynamics of the transition. Objections have been raised to
this approach by Salamon, ' who claims a proper account-
ing of the symmetry of the order parameter has not been
made. However, the demonstration that a first-order
order-disorder transition can occur in a two-component
system allows us to speculate about the dynamics. One
possible explanation for the sharpness of the transition is
the low mobility of the Hg + cation and its effect on the
mobile cation conduction path. The conduction path for
the mobile cations is most likely from the tetrahedral
iodine cages through the octahedral cages in the unit-cell
center to another tetrahedral cage. In the low-tem-
perature phase the divalent mercury cations occupy a
tetrahedral site at one end of the octahedral cage, and it
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would be energetically costly for a M+ cation to enter the
octahedral site. The potential seen by the M+ cations in
the tetrahedral cages is fairly flat as demonstrated by the
large anharmonicities observed in pressure-dependent Ra-
man studies, ' and they would be expected to disorder at a
lower temperature than the heavier, more tightly bound
Hg + cations. Thus the mercury ions may act as a valve,
preventing the mobile cations from disordering by block-
ing the conduction paths. When the Hg + ions finally ob-
tain enough energy to surmount their potential barriers,
the effective barrier to the motion of the mobile M+ ca-
tions into the octahedral site is reduced. At that tempera-
ture there is likely to be a large fraction of the M+ ca-
tions with enough energy to enter the vacant octahedral
sites and the disordering will occur rapidly.

Examination of the transition temperatures, activation
energies, and ionic radii of the series of silver ternary salts
Ag2 YI4, with Y =Hg, Cd, or Zn, supports this model. As
the ionic radius of the Y + ion increases [Zn, 0.74 A; Cd,
0.97 A; and Hg, 1.10 A (Ref. 32)], the ionic polarizability
will also increase. This increased polarizability results in
an increased mobility out of the tetrahedral sites, and
therefore the temperature at which the silver ions can dis-
order decreases [for Zn, T, =145'C; for Cd, T, =80'C;
and for Hg, T, =50'C (Ref. 33)]. This behavior is also
mirrored in the incongruent melting or decomposition

temperatures. The activation energy (in the a phase), on
the other hand, is a measure of the ability of the silver
ions to move through the now disordered lattice. As ex-
pected the activation energies [for Zn, Ez ——42 kJmol
for Cd, Eg ——41 kJmol '; and for Hg, E~ ——36 kJmol
(Refs. 2 and 33)] vary only slightly (15%) among these
silver conductors. The decrease in silver-ion activation
energy follows the increasing polarizability (and presumed
increased mobility) of the Y + ion.

This two-component disordering is expected to make
the phase-transition process depend strongly on the
dynamics of the cation-cation and cation-immobile ion in-
teractions. Therefore, any quantitative treatment of this
model would have to include details of the local potentials
as well as cooperative effects.
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