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The ac electrical conductivity versus temperature dependence of Rb, Tl _ ;I for 0 = x = 0.10 is reported.
The sotid—solid phase transition (yellow) 8-TH = (red) &-Tif occurs at 172°C with transition enthalpy
AH, = 865 J/mole and is accompanied by a sharp jump in conductivity, ca. two orders of magnitude.
The reverse e — 8 transition exhibits a distinct hysteresis dependent on pressure and rate of cooling.
The high conductivily a-phase can be obtained al room temperature (i} by application of pressure to
the f-solid, (i) by rapid quenching of the melt, and (ii) by incorporating 5-9 mole% Rbl in TII
lattice. The conductivity data and @, values, while sensitive to sample history and pretreatment, show
reproducible behavior. The observed (2,(eV) values are 0.39 + 0.04 for the cool mode of compressed
e- and B-TI and the heat mode of Rby s Tlygsl, 0.50-0.62 for all «-TII samples and Rby (¢ Tly el and
0.64-0.97 for all 3-TIE samples prior to the S-«a transilion. No solid—solid phase transition is observed
for Rbl and its conductivity is lower than that of Tl by a factor of 10° at ~175°C. The mechanism and

structure interpretations ol these results are presented.

Introduction

Solid state fast ion conductors, character-
ized by very high ionic conductivity relative
to most ionic solids which in some cases
exceeds the ionic conductivity in the liquid
phase, have attracted much attention re-
cently. Studies on these conductors focus
on an understanding of the factors dircctly
affecting the mobility of the ions and the
mechanism of ion trunsport with the expec-
tation of incorporating these compounds for
use in various electrochemical devices.

A number of ionic solids undergo solid
phasc transitions 1o a high temperature
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phase accompanied by a sharp jump inionic
conductivity, There is a qualitative resem-
blance of the legarithm conductivity (oT)
versus 7! plot for these solids, e.g., alkali
suifates, Ag,S0,, TI,S0,, Agl, Li,MCI, spi-
nels, to the site percolation probability func-
tion, i.e., the P(p) plot (1, 2), suggesting the
percolation model for ion transport. The P
versus p curve describes the function P{p),
where P is the percolation probability or
the fraction of the system taken up by the
percolation path and p represents the proba-
bility that a site is unblocked or the probabil-
ity of intersite connectivity to an activated
hopping ion. That is, at the phase transition
or the percolation threshold the number of
intersite channel connectivities or the per-
colation probability in the network structure
increases sharply, giving rise to the ob-
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served sudden jump in ion conductivity.
Fast-ion conduction in solids is considered a
paradigm for a structure—property relation,
where the ioni¢ conductivity o i1s a compos-
ite quantity o = ngu with n the charge car-
rier concentration, g the carrier charge, and
u the mobility of the carriers. The carrier
mobility is related to a set of energetically
favorable sites that are not normally occu-
pied. The concomitant volume expansion
for the sulfates, i.e., +AV of 3—4.5%, with
the phase transition implies, cereris paribus,
that structure *‘free’” volume was a major
contributing factor to conductivity enhance-
ment in these comounds (3-3) and in the
lower density glass phase relative to crystal
for Na®, Cu™ and Li* ion conductivity com-
positions (6—8). The conductivity jump-free
volume corretation ts, however, not ob-
served for Agl, TII, and CsCl, where the
structure factor overrides the volume fac-
tor. In Agl and TII the phase transition is
accompanied by a volume decrease where
the structure undergoes a change from
shared corners and/or edges of coordination
polyhedra to shared faces, resulting in a sig-
nificant increase in the number of accessi-
ble/occupancy sites for the mobile ion with
lower activation energy. Furthermore, re-
cent studies incorporating quasi-equal ra-
dius Rb* (166 pm) and TI* (164 pm) in
Ag,80, failed to support the conductiv-
ity~free volume relationship in sulfates (9,
10). Also, the ionic conductivity of T1,SO,,
~10° higher than Rb,S0,, is of the same
order of magnitude as that of Ag,.SO, (10)
despite the larger mass of T1* (factor of 2)
and the larger T1* radius, viz. ryy+ = 164 pm
vs rat = 129 pm for CN = 6 (/I). These
inconsistencies point to factors other than
the geometry of the anion array and struc-
ture “‘free’’ volume as major contributors
to ionic conductivity, such as the bonding
characteristics of the mobile cation (12).
Since the chemistry of TI* bears some
resemblance to that of Ag™ (13) with differ-
ences linked to the lone electron pair, Ag*-
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44" versus TIT-54"Y6s2, TII was chosen
along with Rbl for a parallel study with Agl
to be compared with TI,50, and Ag,S0,.
Yellow Til transforms at 175°C to a red cu-
bic form; i.e., (yvellow) 8-TIl 2 (red) «TH
which is accompanied by 3% reduction in
volume paralleling the decrease in volume
of 6% for Agl at its phase transition 147°C.
Yellow 38-Tll is a double layered orthorhom-
bic structure related to NaCl. The structure
of a-Tll is a Pm3m CsCl-type in common
with the room-temperature-stable structure
of its analogs TICl and TIBr. The conductiv-
ity study on single crystal Tl ({/4) reported a
Jjump at its transition along with the unusual
behavior of higher activation energy for the
high temperature a-phase than for the low
temperature S-phase. The presence of 20
mole% Rb* in Agl in the form of the com-
pound RbAg,l; resembles a-Agl by exhib-
iting high conductivity at room temperature.
The composition Rbl:ATI showed a con-
stant melting temperature interpreted as
RbTI,I; in the early stage of our study.
These results prompted us to investigate the
effect of Rb* in TII with the similar aim of
stabilizing or preserving the high conductiv-
ity phase of TIL

Experimental

The RbI and TII used in this work were
obtained from Aldrich Chemical Corp. with
stated purity 99.9% and 99.999%, respec-
tively. The samples studied were prepared
by grinding the requisite compositions in a
mortar and were fused in a Pyrex container
in a well-type furnace maintained at ~50 K
above the melting temperature under atmo-
spheric conditions for a half hour. Since the
RbI-TII condensed phase diagram was not
available until after completion of the study
(13) the melting temperature was deter-
mined visually or by thermal analysis. The
solid was obtained (i) by pouring the melt
immediately into a stainless steel mold, i.e.,
rapid quenching, or (ii) by allowing the sam-
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ple to remain in the furnace overnight after
cutting of the power, i.e., slow cooling. Spot
checks on after-melted sample weights
showed neglible weight loss ~0.01%, indi-
cating that the sample maintained the com-
position of its original components.

The ac electrical conductivity measure-
ments were done on both compressed and
uncompressed solidifed fused mass samples
using the two terminal method described
carlier (16, 6). All samples were ca. 13 mm
diameter and 2 mm thick; compressed sam-
ples were prepared under a pressure of 10
MPa for 15 min. Both surfaces of the sample
were touched with graphite (DAG #154
Acheson) to ensure proper contact. The
sample was maintained by a spring-loaded
support between stainless steel leads using
two polished Pt discs as electrodes. The
conductivity was measured under reduced
pressure (~ 1073 Torr) with a GenRad 1688
LC Digibridge interfaced to an Apple Ile
microcomputer and Epson PX-85 printer at
1 kHz at heating and cooling rate of ~1°
min~' except where otherwise specified.
Temperature was monitored by standard-
ized chromel-alumel thermocouple with a
Hewlett—Packard 3478A Multimeter. Our
conductivity technique has been confirmed
on two Ag/RbSO, sample compositions
with o values in the same conductivity range
in an argon atmosphere over the frequency
0.1-10.0 kHz in 10 Hz intervals by a more
sophisticated impedance setup in an inde-
pendent laboratory (/7). While it is possible
that at afrequency of 1 kHz electrode polar-
ization contributes to measured o values our
confidence rests onthe very good agreement
between our o values and those of previous
workers using different measurement tech-
niques in independent laboratories ({4,
18-20).

The differential scanning calorimetry
(DSC) traces were recorded on a DuPont
1090B Thermal Analyzer equipped with disk
memory and data analyzer. Measurements
were made in a flowing N, (ultrapure) atmo-
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Fi16. 1. Differential scanning calorimetry {DSC) heat-
ing traces for Rb, Tl _,1: (a) x = 0, (b) x = 0.025, (c)
x = 0.035, (d) x = 0.05.

sphere using a gold pan as reference. The
samples were encapsulated in gold pans.
The calorimeter was calibrated using the en-
thalpy of fusien for In metal before the tran-
sition enthalpies of Rb, Tl _ I were deter-
mined.

Results and Discussion

The 8 = « phase transition in pure TII
occurs at 172°C, Fig. 1, with the transition
enthalpy AH, = 865 J/mole. The transition
temperature is in good agreement with the
reported values of 170-175°C (14, 22). The
incorporation of up to 5 mole% Rbl in TII
shifts the transition to lower temperature
with reduced AH, which eventually falls to
zero. The dependence of AH, on mole frac-
tion of Rbl is given in Fig. 2, where the
dashed curve represents expected depen-
dence calculated for fractions of S-TII in
Rb,Ti,_,,1 taking AH, = 865 J/mole and
zero for x = 0 and 0.05, respectively. The
composition of Rby Tl 1 is red in color
with no transition endotherm on DSC trace,
suggesting that the high temperature «-TII
is preserved at room temperature. Confir-
matory structural evidence for the a-phase
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F16. 2. Enthalpy of transition versus mole fraction
Rbl: ¢ ) calculated and (—-—) experimental
values.

was obtained from X-ray diffraction spec-
trum. It is to be noted that the X-ray beam
effected a partial conversion to the g-phase,
resulting in a mixed orthorhombic—cubic
pattern and a mustard yellow product after
radiation.

The dependence of the ionic conductivity
on temperature usually follows the Arrhe-
nius-type expression

o = (@ \WANKT) exp(—AGH/KT), (1)

where » is the jump frequency, A the in-
tersite distance, y the intersite geometric
constant, k& the fundamental constant, and
AGHT the free energy of activation. The equa-
tion is given in simpler form as

oT = oy exp(—Q,/RT), 2)

where o, = o, eXxp(ASI/R) and AHE = (.
i.e., the activation enthalpy equals the ex-
perimental activation energy or the apparent
activation energy for mobility, which may
include a defect formation enthalpy contri-
bution.

On the basis of Eq. (2), heat and cool
mode plots of log o T versus T(K}~! for vari-
ous samples of Rb Tl _,I for different pre-
treatments, along with Q_ for specific re-
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gions, are presented in Figs 3-5. Figure 3
shows conductivity data with jump >10° on
heating for compressed annealed pure Til,
consistent with the single crystal behavior
(/4) and the effect of cooling rate on the
hysteresis of « 2 B transformation. That is,
the faster cooling rate extends the hysteresis
effect and the lifetime of the a-phase as
might be expected from kinetics, i.e., nucle-
ation and growth processes, and strain ener-
gies as presented earlier (3, 2/). The 8 — o
conductivity jump occurs on heating at
174°C in agreement with the DSC and litera-
ture values. The high conductivity c-phase
is accompanied by a decrease in activation
energy Q. value.

Figure 4 shows log o T versus T(K) ' plots
for two samples of pure TIL, compressed and
unannealed slow cooled {a) and uncom-
pressed unannealed quenched solidified
fused mass (b). Both samples exhibited the
bright red color at room temperature charac-
teristic of the a-phase. The conductivity be-
havior, in contrast to the annealed sample
in Fig. 3, indicates a nonequilibrated meta-
stable mixed state of a- and B-phases. The
unusual behavior of conductivity rise fol-
lowed by a drop in conductivity on heating,
Fig. 4(a), may be explained by a mixed or
new phase structure stabitized by pressure.
The structure breaks down slowly at ~95°C,

Llog oT(S-crr' K)
=~
T

15 20 25 30 35
(K = 10°

FiG. 3. Plots of log oo T versus T(K) ! of pure Tl (x =
O) at constant heating rate 1°/min @ and 8 but different
cooling rates: O — 1°/min, [ — 2°/min.
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Fi1G, 4. Plots of log o T versus T(K)™! of pure TII (x = 0): (a) compressed unannealed slow cooled,
heating W, cooling O; {b) uncompressed unannealed quenched solidified fused mass, heating ®,

cooling C.

yielding the stable 8-phase prior to the nor-
mal 8 — a transition. The @, value prior to
the crossover equals the @, prior to the
B — « transition in Fig. 4(b), but the 8 — «
conductivity jump in Fig. 4(b) is only half
that in Fig. 4(a). The structure visualized
here parallels the ordered coexistence of
mixed phases reported for mixed alkali
halide—cyanides (23). However, this non-
Arrhenius ¢ T behavior at low temperature
has been attributed to a different conduction
mechanism involving anionic and electronic
contributions (/8-20) or interparticle effect.

A sharp conductivity drop on heating has
been reported for other solid phase transi-
tions (6, 7, 24). However, the sluggish irans-
formation (second other transition?) of the
stable structure to the B-phase in Fig. 4(a)
accompanied by a negative temperature de-
pendence equivalent to 0.66 eV suggests
two competing energy effects. Taking the
simple conductivity process with @, of 0,98
eV along with 0.66 eV one obtains an exo-
thermic effect of 1.64 eV. That is, ceteris
paribus, there is a release of 1.64 eV in the
structural rearrangement.

Figure 5 gives the conductivity—tempera-
ture dependence for Rbl (a), TII (b),
Rbyg, 19Ty 501 (¢}, and Rby 5Tl 451 (d) for heat
mode only, where each sample was an-
nealed uncompressed quenched solidified

fused mass. The effect of annealing is evi-
dent for Fig. 5(b) relative to Fig. 4(b). The
pertinent features of Fig. 5 include (i) the
higher conductivity of TlI relative to Rbl by
a factor >10% (i) the normal conductivity
behavior of the 8-phase prior to transforma-
tion in (b), (iii) the absence of the 8 — «
conductivity jump in (c) and (d), consistent
with the DSC traces, and (iv) the same con-
ductivity for Rby 5Tl eI as for a-TII in the
cool mode for the temperature interval
30-330°C.

Table I shows the relative conductivities
at 200°C and the ¢ values of compressed,
solidified fused mass, and single crystal TII
along with solidified fused mass Rb, T},_,)1
for x = 0.05 and 0.10 compositions. The

1 1 y
WM =
T T T

Log 0T (ScmiK)
~
T

a5

Fic. 5. Plots of log o T versus T(K)™' of (a) RbI, {b)
TIL. {c) Rbg 1uTlosl. (d) RbogsTlousk.
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TABLE 1

CONDUCTIVITY AND ACTIVATION ENERGY VALUES FOR Rb, Tl;,_,,1

Sample composition TypclS - cm™

a-(.(£.04eV) B-0.(£.04eV)

Compressed, 3.82 x 1075
annealed, x = (

Solidifed fused bulk, 221 x 1078
annealed, x = 0

Solidified tused bulk, 222 x 10°°
annealed, x = 0.05

Solidified fused bulk, 2.25 x 1079
annealed, v = Q.10

Single crystal, x = ¢ 1.92 x 1077

heat—0.50 heat—(.64
cool—0.37 cool—0.41
heat—0.65 heat—0.79
heat—0.65 [
0.38

heat—0.65 -
heat—0.73 heat—0.54
cool cool

¢ Taken from Ref. (/4).

ameec values for solidified fused mass TII,
Rb, T, ] compositions and single crystal
TII are in excellent agreement but differ
from the compressed Tl value by a factor
~2. The striking inverted relationship be-
tween our «- and -phase (J, values and the
single crystal values is evident. Since O, =
AI—Iagrmion + % A‘qdcfect formation » is it reason-
able to expect the higher Q. for single crystal
a-TIl at high temperature to contain a defect
formation enthalpy contribution as distinct
from soldifed fused bulk samples?

Assuming 8 — « to be a disorder-type
transformation and the conductivity jump
to be a disorder related effect, then AS /A
log{eT), = 1.2, suggesting the jump to be
almost entirely linked to a disorder effect,
which compares with 3.7 for Agl, where
disorder is responsible for only 25% of the
jump.

The fact that the presence of 5 mole% Rb*
preserves the high temperature e-phase TII
to room temperature can provide a clue to
the mechanism of phase transformation and
phase stabilization. Two possible effects re-
sponsible for locking in the a-phase suggest
themselves: (i) a physical volume effect and
(11} a chemical ion—ion interaction effect. A
physical volume effect is ruled out because
Rb* with ionic radius 166 pm substituting

for TI™ with ionic radius 164 pm on the TI*
sublattice contributes a volume increase to
the structure, whereas the 8 — « transition
1s accompanied by a ~3% volume decrease.
That is, the increased physical volume
would favor the reverse phase direction,
viz., @« — 8. We note the double layered
orthorhombic structure related to NaCl for
B-TIL to be only slightly removed energeti-
cally, i.e., 865 I/mole, from the Pm3m CsCl
structure of a-TII, in common with the room
temperature structure of TIC] and TIBr.
From simple fon—ion interaction considera-
tions involving the outer electron configu-
ration of Rb™, i.e., 3d'%4s°p% relative to TI™,
i.e., 4/1454'%s?, we can visualize bonding
between the more electropositive Rb* and
1™ to be sironger than that between TI™ and
17 in the solid. This stronger bonding, paral-
leling that of TICI and TIBr, can effect a
structural contraction sufficient 10 stabilize
the high temperature «-phase CsCl-type
structure of TII. The situation can be sum-
marized by saying that positive pressure,
external or ‘“‘chemical,” increases the exis-
tence range of the a-phase as was suggested
for the alkali halide-cyanides by Loidl et
al. (23). One can assign 865 J to the phase
stabilization energy effected by the pres-
ence of 5 mole% Rb*. This interpretation



320

can be extended to calculate the differential
heat of solution dg/dn of Rbl in TII as ~17
kJ/mole.

Because the logarithm ¢ 7 versus 7~/ plot
in a solid—solid phase transition resembles
the site percolation probability function,
i.e., P(p), plot as stated earlier we interpret
the ionic conductivity mechanism to be a
percolation-type transport mechanism. For
phase transitions accompanied by a volume
increase, +AV, interpretation was focused
on structure “‘free’’ volume as the major
contributing factor in the enhancement of
ionic conductivity. However, as in the cases
of Agl and TlI, where the phase transition
involves a volume decrease, the accessibil-
ity of the activated mobile ion to an in-
creased number of interconnecting sites
takes precedence over the decrease in vol-
ume. The accessibility to interconnecting
sites, i.e., between adjacent equilibrium po-
sitions, can be governed by the ““window-
size’” relative to the size of the migrating
ion and lattice resiliency as indicated by mi-
gration or activation volume, along with
subtle effects of bond characteristics and
framework geometry (/2). In brief, the max-
imum solid state ionic conductivity is ex-
pected for a high concentration of mobile
charge carriers n in the structure with a large
number of casily accessible occupancy
sites.
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Note added in proof. The stability of a-Rby 45Tl g5!
was checked 100 days after its preparation. The DSC
trace showed a broad shallow endotherm extending
trom [27°C to 162°C similar to Fig. 1< with Aff, = 740
J/mole. The log o7 versus T~! plot parallels that of Fig.
3 for fast cooling with hysteresis extending to 70°C.
This suggests a-RbgysTlyesl to be a, metastable state
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undergoing relaxation. More recent results indicate
that the « — B relaxation begins after 3 days of prepara-
tion. A kinetic study of this relaxation is being planned.
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