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Electronic states of snyerionic conductors
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Short-range ionic disorder effects on the electronic states of superionic conductors were studied by wavelength-

modulated absorption and reflectance measurements of RbAg4I, and P-AgI at 4.2'K through 297'K. The
normalized-temperature-independent band gap increase of -0.3 eV for RbAg4I~ over P-Agl is understood in

terms of an increased ionicity for a homogeneous solid solution of Rbl(Agl)4. The bandage exciton of
RbAg, I, greatly broadens with increasing temperature compared to P-AgI. %'e attribute this to a large

smearing of the valence-band density of states caused by either near-neighbor wave-function hybridization or
random-site scattering. A band structure for RbAg, I, is proposed.

I. INTRODUCTION

Superionic conductors offer a rather unique op-
portunity to probe the effects of short-range dis-
order on the electronic states of a solid, since
the amount of atomic disorder can be tuned by
using external variables such as temperature or
pressure. The key property responsible for the
unique behavior of superionic conductors is the
l.arge number of sites to which ions can be pro-
moted. In RbAg, i, there are three sets of crys-
tal. lographically inequivalent sites having a total.
of 56 positions for the 16 Ag' ions per unit cell. '

Within a mean-field-theory approximation, the
fractional number of ions in sites j is given by

(I 3/2eo &v/-2n~ 0)/2+ I)-1

with 1" the ratio of the site phonon frequency to
the lattice frequency, U,. the activation energy
for promoting an ion into site j, and U an inter-
action energy. The temperature dependence of

n, as given by Eq. (1) exhibits either an exponen-
tial increase or a first-order or second-order
phase transition, depending on the parameter
values. As clearly shown by the specific-heat
data ' in Fig. 1, RbAg4I5 has two well-defined
phase transitions: a first-order one at 121.O K
with a large latent heat and a discontinuity in the
conductivity of about two orders of magnitude,
and a second-order one at 209 K with Ising-like
exponents. ' This points to a process whereby
above 121.O'K the sytem is partial. ly disordered,
with a sizabl. e fraction of ions distributed over
a 8ubset of lnterstltlal sites. At 209 K a second-
order phase transition redistributes the site popu-
l.ation in an Ising-l, ike fashion, unequally among all
possible locations. Above this temperature there
is complete ion-disorder in the sense that the
Ag'-ion positions become uncorrelated.

%'e report the first experimental evidence of
large ion-disordered effects on the el.ectron-hole
excitations in a superionic conductor. The lack
of short-range correlations between the ionic car-

To uniquely determine short- range disorder
effects on electronic states, a careful choice of
a comparison compound is needed to eliminate
extraneous influences on the property being mea-
sured (e. g, , phonon contributions to the absorp-
tion linewidth). In the case of BbAg, I, we chose
to compare its optical properties with those of
P-Agl, since both systems share a host of equiv-
alent properties. Among them, the mean silver-
iodine nearest-neighbor distance is the same"
and therefore their electronic structures are sim-
ilar. Furthermore, their Debye temperatures
are comparable (9D = 90'K for" RbAg, I, versus
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FIG. l. Specific heat of RbAg4I5 {Ref. 3) compared
to the ideal vibrational values shown dashed (after Ref. 4).

riers at high temperatures results in a dispersion
of the band-edge exciton in RbAg4I, which we at-
tribute to a strong broadening of the valence-band
density of states. This hand-smearing effect is
analyzed in terms of both a localized valence-band
hybridization and an itinerant, random-site ex-
citon scattering mechanism. Using these results
a band scheme for RbAg4I, is proposed.

II. EXPERIMENT
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116'K for' Agi), thereby enabling an accurate
estimate of important' phonon contxibutions.
Since large ionic disorder sets in at much lower
temperatures in RbAg4IS (121.6 'K) than in'0 AgI
(420'K), the normalized-temperature comparison
between these two systems yields a unique deter-
mination of ionic disorder effects,

A. Samples

The p-AgI crystals were grown" by the gel
method, with a cleaved face perpendicular to the
c axis serving as the reflecting surface. RbAg4IS
was gxown' from a melt by the Czochralski tech-
nique. These (100)-oriented samples contained
many crystal grains. Crystals were mounted with
bee's wax on all-stainless-steel mounting plugs
for cutting and polishing. Thin wafers were
sliced in a dry N, atmosphere using a diamond-
impregnated wire saw without lubricant. They
were polished in a N~ atmosphere with a dry
Buchler polishing cloth using 0. 3- p, m Linde A.
Trichloroethylene was a suitable wax solvent.
These unusual procedures were necessary to avoid
decomposition-induced discoloration f rom cutting
and polishing. The specific heat of the resulting
RbAg4I5 exhibited the two characteristic phase
transitions. Repeated cycling through the tran-
sitions did not degrade sample properties.

B. Optical measurements

Unpolarized, wavelength-modulated optical
properties were measured as a function of tem-
perature from 4. 2 thxough 297'K. Samples were
suspended freely on a copper ring by means of

rubber cement. It was indium O-ring sealed into
a holder mounted beneath an Air Products Hel. i-
tran LT-3-110 cold finger.

The mirror optics arrangement allowed reflec-
tion or transmission to be measured without
changing sample position. Wavelength modulation
was accomplished using a modified Perkin-Elmer
E-1 monochromator in the double-path configura-
tion, The first double-path mirror was replaced
by a thinner mirror mounted on a General Scan-
ning 6330 galvanometer to allow stable, variable
square-wave modulation, In this study, modula-
tion was less than 1 meV at 77 Hz. Modulated
properties were measured at constant reflected
or transmitted intensity by automatically varying
the voltage on the EMI 9659QA photomultiplier
using a PAR 221 preamp and 280 power supply,

When divided by the modulation amplitude, the
measured quantity in reflection is the logarithmic
derivative of the reflectance, (I/It) (&R/r F). The
transmission is given by

(2)

where k«n and multiple reflections are accounted
for. Then for our case of ad» lnR,

~T ~ 2R ~R

Since for this study I &R/R I
« In, T/T I in the trans-

parent region, the measured quantity in transmis-
sion is directly proportional. to the derivative of
the absorption coefficient n.

III. RESULTS

A. Band gap
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FIG. 2. Band gap of RbAg4I& and p-AgI determined
optically as a function of temperature normalized to their
respective Debye temperature 8&. The arrows indicate
the BbAg4I5 first- and second-order phase transitions
shown in Fig. 1. The P-Agl optical gap is taken from
Ref. 14. The RbAg4I& gap is given by the position of the
wavelength-modulated absorption peak position with an
uncertainty on the order of the size of the points.

The wavel. ength-modulated absorption can pre-
cisely determine the energy range over which
states at T = O'K are forbidden. We take the gap
to be the energy at which the absorption changes
is a maximum. Then for normal sensitivities,
it is possible to define a gap no matter how diffuse
the band edges may become. The resulting value
corresponds to within a couple of percent to the
band gap which enters Urbach's tail" and does
not suffer from the ambiguity of assigning it to
the energy at an arbitrary value of absorption,

The band gap of RbAg4I, so obtained is shown
in Fig. 2 with arrows denoting the temperature
of the RbAg4I, first- and second-order phase
transitions, Data are plotted as a function of tem-
perature normalized by the Debye temperature
to allow meaningful comparison with the tempera-
ture dependence of the p-AgI gap. " The notice-
able feature of these curves is that the only major
difference is the larger RbAg41~ gap as compared
with AgI fox all T. This can be understood simply
in terms of the addition of high-ionicity RbI
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FIG. 3. Spectral dependence of the low-temperature
wavelength-modulated reflectance. The energy scales
are referenced to the respective S-exciton energy hvar
{3.338 eV in RbAg4I5 and 2.955 eV in g-AgI).

(f, = 0, 951)" to P-Agl (f; = 0. 770). ' The resulting
f; = 0. 806 for RbAg41~ suggests a larger band gap
for this compound than pure p-AgI simply be-
cause of the more ionic nature of the atomic bond-
ing.

The dependences of the band gap on normalized
temperature are virtually the same. The tem-
perature coefficient for RbAg4I5 is —5. 2&& 10 4 eV/

K below 122'K and —10. 3&& 10 eV/'K above
this temperature. The change in temperature de-
pendence precisely at the first-order transition
may be due to a slight structural change. It is
significant that no abrupt change in the value of
the gap is observed at the transition,

8. Band smearing

Typical wavelength-modulated reflectance (WMR)
spectra in the band-gap region are shown in Fig.
3. The width of a peak in the logarithmic deriva, -
tive indicates the energy range over which the re-
flectance changes; thus it is a sensitive measure
of broadening of the joint band-edge density of
states. By comparing the temperature dependence
of the RbAg, I, WMR with that obtained in AgI, we
were able to identify a mell-defined exciton state
in RbAg4I, at 3. 338 eV (at 4, 2' K}

Band-edge smearing due to short-range dis-
order is plainly evident in the temperature depen-
dence of these B-exciton" linewidths. Data at
O'K measure the intrinsic band-edge widths since
both crystals are then completely ordered and
their phonons frozen out. [As will be clear from
the discussion below, the origin of the -50%
smaller P-AgI exciton full width at half-maximum
(FWHM) is the smaller distribution of Ag-I near-
neighbor distances in AgI than in the ordered
phase of RbAg41~. ] As the temperatures increases,
P-Agi exciton broadening is determined purely by
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FIG. 4. Difference of the wavelength-modulated re-
flectance B-exciton peak width between BbAg4I5 and P-
AgI. This measure of electronic state broadening is pre-
sented as a function of temperature normalized by the re-
spective Debye temperatures 8&. The arrows and upper
vertical line indicate the HbAg4I& first- and second-order
phase transitions shown in Fig. l.

a Debye-Wailer phonon effect. Thus, if the tem-
perature scales are normalized to their respec-
tive Debye temperatures, the difference of the
peak widths between RbAg, I, and P-Agi measures
the disorder-induced edge broadening in RbAg, I,
independent of lattice vibration effects. This ex-
perimental quantity is plotted in Fig. 4.

The excess specific heat above 50 K seen in
Fig. 1 suggests the onset of Ag'-ion disorder in
RbAg4IS at this temperature (T/9D = 0, 54). A re-
sultant edge smearing is apparent in our data,
As the ion disorder increases upon approaching
the first-order transition from below, this excess
broadening shows a marked increase. It should
be mentioned that we did not look carefully for a
discontinous change through this transition. At
higher temperatures the disorder-induced broad-
ening becomes so large that at 200'K (T/3n = 2. 17)
it is impossible to discern any band-edge struc-
ture. Since the p-AgI exciton continues to mani-
fest itself well beyond these temperatures, these
band-smearing effects in RbAg4I, must involve
energies many times larger than the -0. 08-eV
exciton binding energy. "
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E'~) has a negligible temperature dependence, '9

while the overlap matrix elements become tern-
perature dependent through

E'„'=g n,. (T) (Ag(4d), . )U (I(5p) ) (5)
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FIG. 5. Overlap-matrix-element contributions to the
electron energy at temperatures above the second-order
phase transition (T & 209'K). There is a distribution of
such terms, varying between the two extremes shown
here depending on the actual distribution (Ref. 1) of Ag-I
near-neighbor distances. Ag(4d ") and I(5p ) atomic
wave functions and potentials from Ref. 21 were used in

Eq. (5).

A. Random hybridization,

The fjrst mechanism can be understood in terms
of a tight-binding description of the electronic
states. The electron energy E„is given by'

E(~) E(i ) E(z)

1+S„ (4)

where b is the atomic energy eigenvalue, E"" is
the Madelung energy, E"' is a crystal-fieM cor-
rection, and E'„'and S, are two-center near-
neighbor overlap integrals with and without the
potential v, respectively. As the temperature,
and thereby n, increases, only the Ag' short
range correlations become smaller, resulting in
a large distribution of AgI near-neighbor dis-
tances. Thus the long-range Madelung energy

IV. DISCUSSION

The measured disorder-induced exciton broad-
ening can be understood in terms of terms of two
complementary pictures: One involves a random-
izing of the bonding Ag (4d) —I(5&) hybridization,
and the other one takes into account the decreasing
translational invariance for electronic states as
the interstitial Ag sites are populated with in-
creasing temperature. Both desc riptions depend
on the presence of the large number of crystallo-
graphically inequivalent sites for the ions.

and similarly for S„.Since the hybridization of
Ag(4d) states with I(5p) orbitals controls the va-
lence-electron states, z the randomization of
these matrix elements will cause a significant
band smearing of the filled states alone. Changes
in the Ag(5s)-derived conduction states due to a
variation in their hybridization with I(5p) electrons
will be smaller since they are separated by the
gap energy.

We tested this random-hybridization scheme
by calculating overlap terms like Eq. (5) for the
ten possible Ag-I near-neighbor distances in

RbAg~l5.
' Using Ag(4d' ) and I(5O5) atomic wave

functions and potentials, ' we obtained overlap
terms such as those shown for two extremalnear-
neighbor distances in Fig. 5. They are repre-
sentative of the actual tight-binding terms at I'.
It is found that compared to P-AgI, where the sin-
gle near-neighbor distance provides a unique set
of valence-band energies, the 7. 7% distribution
of RbAg, I, bond lengths results in a 20+ 3% vari-
ation of the overlap integrals E„' ', S, . and E,'2'/

(I+S,). Since these terms contribute at least a
couple of eV to the energy states'- we obtain a
-0. 5-eV band smearing, in order-of-magnitude
agreement with the experiment.

B. Random-site scattering

There is a complementary view of the exciton
broadening which emphasizes its itinerant char-
acter rather than its localized properties. In
this process we picture the thermal occupation
of sites by the ionic carriers as providing random
potential centers from which the exciton can
scatter. The f requency-dependent absorption con-
stant is given by

n((u) = ——Im
1 1
v hm —W —Z(tin, T) '

with W the exciton bandwidth. The self-energy
correction due to the random-site scattering,
becomes temperature dependent through the fac-
tor n,. (T) given by Eq. (I). Assume an excitonic
density of states p(ur) of the form

p(e) = (2/vW )[W —(tj~) ]' (7)

for lhcu I & W and zero otherwise. Then within
the coherent-potential approximation, ' Z is deter-
mined by
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FIG. 6. Proposed room-temperature band structure
of RbAg4I;. The gap measured in Fig. 2 is direct with

r„-r„symmetry, while the &-exciton absorption in

Fig. 3 involves transitions from the highest l » state to
the I'7~ minimum.

(fix + n~e, )Z ' —[h(un, .e,. + —,'(54 —I) ] Z 2

+[ 45(rno+n, e,)+2n,.e,. ]Z. .

= —
g [5 (AKB~eq + q5 ) + (Bqeq) ],

with e, the energy of occupied site j, 5' =n, (T)
x q,./lV. For a fixed ratio of e,/W, 5 becomes
strongly temperature dependent through ~, . As
shown by Velicky et col. for impurity scattering
and by Sumi" for the phonon case, as 5 increases
the absorption spectrum evolves from a sharp
asymmetric structure (5 = 0) into a broadened
Gaussian shape (5 - I). In the absence of any reli-
able numbers for the site scattering e and the ex-
citon bandwidth W, it can safely be concluded that
in going from 4 to 200'K, 5 in RbAg4I, moves
from 0 to values of the order of 1. Band broad-
ening results, consistent with our data.

is -0. 3 eV larger than that of P-AgI, consistent
with the addition of higher-ionicity RbI to AgI
as discussed in Sec. III A. The 3. 3-eV band gap
is direct at I' since both of the constituents have
direct I'-point gape. By analogy to P-AgI,
the bottom of the conduction band is Ag(5s) de-
rived, with a minimum having I", symmetry. The
top of the valence band is derived from I(5p) or-
bitals that are strongly hybridized with lower
Ag(4d) states; the maximum has F~ symmetry
with two lower F, levels.

While a gap can be defined at temperatures
above the phase transitions, the band edge is ex-
cessively broadened. From the random- hybrid-
izationprocess, this smearing should occur main-
ly for valence states, as we show pictorially in

Fig. 6. Because of the presence of Rb, only 80Vo

of the I will be hybridized with Ag' ions and sub-
sequently broadened; these will be the dominant
valence states seen in band-edge absorption be-
cause the final states must also be nearby dis-
order-localized Ag orbitals.

From photoemission studies of BbI and

p-Agl, 20'27 we propose that the Rb(4d) states be-
gin 2. 8 eV above the conduction-band minimum,
while the Ag(4d)'s begin 3. 2 eV below the valence-
band maximum and produce a 6. 0-eV-wide va-
lence-band density of the states. Temperature-
dependent photoemission studies will be required
to check this tentative band picture.

V. CONCLUSION

We have shown that ion-disorder results in

large, observable band-smearing effects in super-
ionic conductors. Besides their practical impor-
tance, these systems provide a novel way of tun-
ing the amount of short-range disorder in crystals
that can be easily investigated by optical means.
The possibility then exists of obtaining detailed
information on critical behavior near phase tran-
sitions, as well as testing current theories of
electronic states in highly disordered systems.

C. Band structure

We propose the tentative band scheme of RbAg4I5
shown in Fig. 6. We adopt the viewpoint that the
electronic states of RbAg4I5 can be described in
terms of a homogeneous solid solution of RbI(AgI)4.
The Ag-I near-neighbor distance and gross opti-
cal properties in Fig. 2 are correctly accounted
for, For example, the measured gap for RbAg4I,
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