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Results of electrical conductivity measurements, thermal analysis, and X-ray diffraction studies 
indicate the existence of four phases, between 295 K and the melting points, in the system (Cs,-,- 
RbY)Cu4ClS12. These phases are designated (Y, a’, /3, y  in order of decreasing temperature. The Q phase 
is isostructural with a-RbAg& the a’ phase is also cubic and very likely belongs to space group E&3, a 
subgroup of P4,32 and P4,32 to which the LY phase belongs. There is a high probability that the (Y’ + (Y 
transition is continuous. The (Y’ + a transition is not discernible in the conductivity measurements or 
thermal analysis; therefore the line of (~‘--a! transitions is presently unknown. The p phase transforms 
to the (Y’, and the y  phase transforms to the p phase when y  s 0.36; the y  phase transforms to the a! 
phase when y  2 0.36. That is, there is a triple point at y  = 0.36, T = 399 K. The r-/3, p-cr’, and y-a 
transitions are all hysteretic and are therefore first order. The conductivities of the /3 phases are 
relatively low and the enthalpies of activation relatively high. The conductivity of the p phase de- 
creases with increasing y. The /3 phase probably belongs to space group R3, in which the Cu+ ions can 
be ordered. The (Y and (Y’ phases are the true solid electrolytes; the conductivities are high, >0.73 n-l- 
cm-’ at 419 K, and the enthalpies of activation of motion of the Cut ions low, 0.11 eV. 

In the system CsCu4Cl~(Iz~,ClJ, 0 5 x 5 0.25, the Cl- for I- substitutions affect the transitions to 
only a small extent relative to the stoichiometric compound. The /3 phase occurs for all x and trans- 
forms to LY’. 

1. Introduction CU~C~~(I~,~C~~.,). The fifth (5) is a prelimi- 
nary report on the new solid electrolyte 

This is the sixth of a series of papers (Z- CsCu&& In that paper, it was first re- 
5) from this laboratory on solid electrolytes ported that the conductivity-vs-tempera- 
which are Cu+-ion conductors and have ture results indicated that two phase transi- 
crystal structures related to that of (Y- tions occurred above room temperature. 
RbAg& (6). The first, third, and fourth deal Subsequently, a third transition was found 
with the crystal structure, stability, and by differential thermal analysis (DTA) and 
conductivity of the RbCyC13(12-,Cl,) sys- a note concerning this result was added in 
tern, and the second with the crystal strut- proof. 
ture, stability, and conductivity of NH4- Attempts to define these four phases 
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crystallographically with experiments on 
the polycrystalline specimens were not 
completely successful. The two highest 
temperature phases both appeared to be cu- 
bic in X-ray powder diffraction photogra- 
phy. As already indicated (5), the lower 
temperature phase of these two might be 
rhombohedral; as in the RbAg,J5 case (7), 
the distortion from cubic dimensions might 
be so small as to render it unmeasurable 
from X-ray diffraction powder photo- 
graphs. The dilemma has been resolved; it 
appears that the endotherm observed in the 
DTA must be associated with slight decom- 
position of every sample when it transforms 
from the cubic to the lowest temperature 
phase. 

In further experiments designed to define 
the individual phases, particularly with the 
view toward eventually determining their 
crystal structures, attempts have been 
made to obtain single crystals. In the 
course of this work, a fourth phase has 
been found. It would be erroneous to con- 
clude that this newly found phase accounts 
for the additional endotherms discussed 
earlier, because they occur for all speci- 
mens including those in the composition re- 
gion in which the new phase no longer ex- 
ists. 

The new phase, which we label (Y’, is cu- 
bic and most likely belongs to space group 
P2i3, which is a subgroup of P4332 and 
P4,32, to which the (Y phase belongs. There 
is strong evidence that the (Y’ * (Y transition 
is continuous. 

Crystals quenched in the (Y’ phase slowly 
change to the p phase at room temperature. 
In single crystal form, the j3 phase is rela- 
tively stable at room temperature. The 
crystals of both the (Y’ and p phases are 
twinned. X-ray powder photographs of the 
/3 phase clearly show a small distortion 
from cubic dimensions. The p + (Y’ transi- 
tion appears to be an order-disorder transi- 
tion; if so, the /3 phase probably belongs to 
space group R3. This is in contrast with the 

behavior of RbAg& in which case the ar-/? 
transition is continuous (6-9) and involves 
a “disorder-disorder” transition (7). 

When 0 ZG y 5 0.36, the y phase, which is 
orthorhombic (.5), transforms to the /I 
phase; when 0.36 I x I 1.0, the y trans- 
forms to the (Y phase. Both transformations 
are first order. 

The sluggishness of the transitions in 
these materials containing Cu+ ions is in 
contrast with the rapidity of the transitions 
that occur in the other halogenide solid 
electrolytes. The greatest contrast is with 
RbAg& for which even the first-order P-7 
transition which occurs at 122 K is instanta- 
neous (7, 8). 

Our main purpose in this paper is to re- 
port, as closely as possible, the effects of 
substitutions, as given by the formula 
(Cs1-,Rb,)Cu4Cl,(I,-,Cl,), on conductivi- 
ties and transition temperatures. It is im- 
portant for this purpose to give the conclu- 
sions , even if at present somewhat 
tentative, obtained thus far, from the single 
crystal work. 

2. Experimental 

2.1. Specimen Preparation 

CuCl was prepared by the method of Kel- 
ler and Wycoff (10) and CuI by the method 
of Kauffman and Pinnell (II) with modifica- 
tion (3) to remove occluded Na2S203. CsCl 
and RbCl (both Cerac 99.9%) were used af- 
ter drying in vacua at lOO-110°C for 16 h. 

To prepare the (substituted) pseudo-ter- 
nary salts, appropriate amounts of CsCl, 
RbCI, CuCl, and CuI, for a 2.1-2.4 g speci- 
men, were ground together in an agate mor- 
tar, inside a nitrogen-recirculating glove 
box. The mixture was then pelletized (3), 
put into a Pyrex test tube which was evacu- 
ated, flushed with dry nitrogen, evacuated, 
and again flushed with dry nitrogen. The 
pressure was then reduced to 0.5 atm, the 
tube sealed off, and heated for 2 h at a tem- 
perature depending on the specimen com- 
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TABLE I TABLE III 

LA~ICE CONSTANTS AT 298 K AND PREPARATION 
ANNEALING TEMPERATURES FOR THE CUBIC PHASES 

IN THE SYSTEM (Cs,-$bJCu,ClJ, 

LATTICE CONSTANTS AT 298 K AND PREPARATION 
ANNEALING TEMPERATURES FOR THE a’ PHASES IN 

THE SYSTEM CsCu,Cl,(I,-xClx) 

Y a (4 Annealing temp. (“C) 

0.00 
0.05 

a’ / 0.10 
0.20 
0.32 

I 

0.40 
0.50 
0.60 

cY 

0.70 
0.75 
0.85 

10.158 
10.152” I 
10.145 
10.133 
10.117 
10.109 
10.096 
10.083 
10.070 1 

10.063 
10.049 I 

210 -+ 5 

205 T 5 

190 2 5 

a By interpolation. 

position (3) (see Tables I-III). The tube 
was removed from the furnace and opened 
in the glove box; the specimen was re- 
ground, repelletized, put into a Pyrex tube, 
again sealed off, and heated as before. Usu- 
ally six cycles sufficed to produce a single- 
phase specimen as ascertained by X-ray 
powder diffraction photography. 

Particularly at higher Cs+ contents, 
grinding of the quenched CZ’- or a-phase 
specimens converts them partially to the y 
phase. Therefore, to obtain pure single (Y’- 
or a-phase specimens for X-ray powder dif- 
fraction photographs, the powdered speci- 
mens were annealed at the temperatures of 
Tables I-III for at least 5 h. It should be 

TABLE II 

LATTICE CONSTANTS AT 298 K AND PREPARATION 
ANNEALING TEMPERATURES FOR THE CUBIC PHASES 

IN THE SYSTEM (Cs,_,Rb,)Cu4CI,(I,.~~3C~.167) 

Y a (A) Annealing temp. (“C) 

1 0 10.150 205 xi 5 
a’ 0.05 10.143 205 f 5 

0.20 10.125 220 2 5 

10.084 220 2 5 
10.016 205 2 5 

x a (A) Annealing temp. (“C) 

0.05 10.156 
0.10 10.153 205 + 5 
0.167 10.150 1 
0.25 10.148 185 k 5 

remarked that before grinding, these speci- 
mens must be entirely (Y’ or cw phase, and 
that after grinding, they are still largely (Y’ 
or (11 phase. This is emphasized here be- 
cause we have observed that once the spec- 
imen is completely converted to the y 
phase, its powder may not reconvert en- 
tirely to the (Y’ or (Y phase even when heated 
for two days at the original preparation 
temperature. On the other hand, if a dense 
pill of the pure y-phase specimen is heated 
at the preparation temperature for two 
days, it is completely converted to the LY’ or 
(Y phase. 

To obtain the y phase, the specimens 
were annealed at temperatures below the y 
+ p or y + (Y transition temperatures in 0.5 
atm N2 in sealed tubes. (Approximate tran- 
sition temperatures were known from many 
preliminary measurements.) Specimens 
with larger y require longer annealing peri- 
ods; conversion of the specimens in pill 
form is much faster than in powder form. 

If allowed to stand at room temperature 
in pill form, in time, all the specimens con- 
taining Cs+ convert completely to the y 
phase. 

2.1.1. Single crystals. Small crystals 
were obtained by melting polycrystalline 
specimens in nitrogen-flushed, evacuated, 
sealed-off fused silica tubes. Each tube was 
suspended in a vertical tube furnace having 
a temperature gradient. The specimen was 
kept at 300°C for one h; then the tube was 
pulled at a rate of 6.3 cm per day to a speci- 
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men temperature of 255”C, after which the 
tube was rapidly removed from the furnace 
and quenched in water at room tempera- 
ture. All the materials melt incongruently; 
thus the crystals generally have composi- 
tions differing from those of the starting 
materials. Nevertheless, it is possible to es- 
timate their compositions by measuring the 
lattice constants of the cubic phases, in the 
case of the /? phase, obtained by appropri- 
ate annealing and quenching. 

dered a’-phase crystal shows that the a’ 
phase changes slowly to the p phase at 
room temperature. 

Precession photographs (MoKa! radia- 
tion), X-ray powder photographs (CL&~ 
and CrKcr radiation), and flat plate oscilla- 
tion photographs (Cuba radiation) with 
6.80-cm film to crystal distance indicate 
the occurrence of two different phases 
when y 5 0.36. Both show the presence of 
hO0 reflections only when h = 2n. One 
phase is cubic and because it appears to be 
related to the (Y phase by a second-order 
transition, probably belongs to space group 
E&3. If so, it should have Laue symmetry 
m3; it actually has Laue symmetry m3m 
and is therefore twinned. Aside from the 
presence of reflections with h = 2n, n odd, 
the sums of overlapping reflection intensi- 
ties are such as to indicate a very close rela- 
tion of the structure of this phase (which we 
call a’) to that of the (Y phase. Because of 
the low intensities and multiplicity of the 
hO0 reflections, powder photographs do 
not distinguish the (Y and (Y’ phases. 

Some crystals of the p phase of composi- 
tion CsCu&(I&l~.r) were ground into a 
powder and an X-ray powder diffraction 
photograph taken within the j3 region with a 
Bond (12) high temperature camera and 
CuKar radiation. Unfortunately, high angle 
lines are not observable and the low angle 
lines do not show any deviation from cubic- 
ity. This implies only that the rhombohe- 
dral angle decreases with increasing tem- 
perature . 

2.2. Conductivity Measurements 

The method of preparation of the cell for 
conductivity measurement is described in 
detail in Ref. (4) with modifications given in 
Ref. (5), except that in the latter, the pres- 
sure applied to the electrode material first 
placed into the die should have been 608 kg 
cm-* (instead of 60 kg cm-*) and the pres- 
sure applied finally should have been 5700 
kg cm-* (instead of 770 kg cm-*). For speci- 
mens other than CsCu.&lJ12, reported here, 
the final pressure applied was 5000 kg cm-*. 

In the precession photographs, there is 
no obvious deviation of the other phase, /3, 
from m3m Laue symmetry. However, the 
noncubicity is clearly seen in powder pho- 
tographs taken with CuKcv and especially 
with CrKa radiation. The oscillation photo- 
graphs show some “splitting” of reflections 
indicative of twinning. In particular, the 
hhh reflections are doubled. This implies 
that the phase cannot be tetragonal or 
orthorhombic. It is most likely rhombohe- 
dral; crystals with composition CSCQ- 
C1~(I&lO.J have a = 10.15 A, (Y = 89.7”. 

The equipment used to control and mea- 
sure the temperatures of the cells is de- 
scribed elsewhere (23). Some of the resis- 
tances were measured with the vector 
impedance meter (1). Most were measured 
with a Hewlett-Packard 4274A multifre- 
quency LCR meter. The frequency was 1 
kHz; in the a-phase region, the results were 
independent of frequency to the frequency 
limit, 100 kHz, of the instrument. 

2.3. Thermal Analysis 

Differential thermal analysis (DTA) was 
performed with a Deltatherm apparatus, 
Model D2000 (ca. 1965). Heating rate was 
10Wmin. The inert reference material was 
RbAgJs. Transition temperatures were cor- 
rected by comparison with the AgI p + CY 
transition at 419 K. 

Periodic X-ray photography of a pow- Differential scanning calorimetry (DSC) 
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FIG. 1. Lattice constant a vs y. 

was performed (in Calcutta) with a Perkin- 
Elmer DSC II. The heating rate was lO”C/ 
min; gold was the reference material. 

3. Results and Discussion 

3.1. Lattice Constants and Composition 

Lattice constants of the quenched cubic 
phases for the systems (Csi-,Rb,)Cu&l& 
and (Cst-,Rb,)Cu4C13(I,.s~~Clo.l67) are listed 
in Tables I and II, respectively, and plotted 
vs y in Fig. 1. In both cases, the relation of 
lattice constant to y is linear; the two lines 
are not parallel, however, because the sub- 
stitution of Cl- for I- ions has a much larger 
effect in the RbCu&‘13(12-Cl,) system (3) 
than in the CsCu&lJ(I~-Cl,) system’ (Table 
III and Fig. 2). In all cases (Figs. 1 and 2), 

I It has been found by experiment that maximum x 
for the system CsCu4C13(12-,Cl,) is close to 0.25, 
whereas in the system RbCu,C13((2~,ClX), maximum x 
is 0.40 (3). Maximum x should increase toward 0.40 as 
y  is increased toward 1.00 in (Cs,~,Rb,)Cu4Cls(12~xCl,). 

the deviation of a measured point from the 
line is less than 0.002 A; this attests to the 
high quality of the specimens. 

Lattice constants, obtained by indexing 
of data collected with an X-ray powder dif- 
fractometer, have been reported (5) for the 
orthorhombic y phase of stoichiometric 
CsCuKl&; they are a = 14.242, b = 24.984, 
c = 11.712 Ai, all +-0.005 A, and also for 
the isostructural phase (3) of RbCu4- 
Cl&Ii.&l~.,& a = 13.908, b = 24.752, c = 
11.664 A, all ?0.005 A. The y phase is 
orthorhombic, but pseudo-hexagonal; a 
measure of the distortion from hexagonality 
is the b/a ratio, which would be exactly 
equal to fi if the crystals were truly hex- 
agonal. That is to say, the cell is a distorted 
orthohexagonal cell. The values of b/a for 
the above specimens are 1.754 and 1.800, 
respectively. Thus the stoichiometric y-Cs- 
Cu4C1312 crystal is less distorted from hex- 
agonal than the y-RbCu&l~(I1,&&M) crys- 
tal. 

The matrix which transforms the cubic to 
orthohexagonal axes (or indices) is (ilO/ 
112/j % 3). The numerical relation of the lat- 
tice constants is a, = a,fi, b, = a,fi, c, 
= 2a,V%3, where the subscripts o and c 
refer to the orthohexagonal and the cubic 
cell, res ectively. For CsCu&l& with a, = 
10.158 8: the orthohexagonal cell has lat- 
tice consiants a, = 14.366, 6, = 24.882, c, 
= 11.729 A. The ratios of these to the actual 

‘“.‘60 I 

10.152 - 

FIG. 2. Lattice constant a vs x. 

3 
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values of the y phase are, respectively, 
1.0087, 0.9979, and 1.0015. For RbCy- 
C13(11.&10.04) with a, = 10.028 A, the ortho- 
hexagonal cell has lattice constants a, = 
14.182, 6, = 24.563, co = 11.579 A. The 
ratios of these to the actual values are, re- 
spectively, 1.0197,0.9924,0.9927. Thus the 
y-phase unit cell of RbCu&l&~ClO.~) is 
considerably more distorted from the cubic 
cell than that of CsCu&l&. 

The lattice constants of the y phases for 
other compositions have not been deter- 
mined. However, the powder photographs 
of specimens in the (Csi-yRby)Cu&l& sys- 
tem show the progressive increase of the 
deviation from the cubic cell with increas- 
ing Rb+ content. Increasing the Cl- re- 
placement of I- does not have a marked 
effect. 

3.2. The (CSI-,,RbJCu&I~ System 

3.2.1. Conductivity. The y --, p, y + (Y, 
and p --, (Y’ phase transitions are very slug- 
gish. The temperature region in which the /I 
phase exists is small; the temperature re- 
gion decreases and the activation enthalpy 
increases substantially with increasing y. 
To delineate the P-phase temperature com- 
position region required very careful mea- 
surements, long time periods and “step-re- 
tracing. ” 

A plot of logi, vs T-l for stoichio- 
metric CsCu&l~I~ is given in Ref. (5); the y 
+ /3 and /3 + (Y’ crystallographic transitions 
are manifested most clearly in this plot. 
They are also observable in the plot of 
logio(aT) vs T-* for (Cs~.~~RbO.os)Cu&ljI~ 
given in Fig. 3. The data for the conductivi- 
ties of the y phase to 409.5 K were taken 
over a period of 11 h. Then the temperature 
was held at 409.5 K for 11 h, at the end of 
which the conductivity was 0.025 Wi cm-i. 
The temperature was increased very slowly 
to 413.3 K (i.e., into the P-phase region) 
over a period of 10 h, and then held at 413.3 
K for another 14 h; at this point the conduc- 
tivity was 0.048 0-i cm-‘. The temperature 

-2 
IO 

1 

‘” 2.0 2.2 2.4 2.6 2.8 30 3.2 3.4 
103/T IK-‘1 

FIG. 3. log,, (conductivity x temperature) vs (tem- 
perature)-] (see text for detailed description). 

was increased to 421.6 K over a period of 
6.5 h, at the end of which the conductivity 
was 0.14 R-i cm-‘. Then the temperature 
was brought back to 419.6 K and held for 11 
h at which point the conductivity was 0.24 
R-i cm-‘. The temperature was then held 
at 420.6 K for 13 h after which the conduc- 
tivity increased to 0.64 R-i cm-‘, indicating 
complete conversion to the (Y’ phase. Data 
were then taken to 438.3 K over a period of 
2 h. The cell was cooled to 427.0 K, without 
taking data, and data were then taken down 
to 406.3 K, after which the cell was re- 
heated to 438.3 K without taking data, and 
data taken to 471.3 K. At this point, the 
conductivity was 0.92 R-i cm-‘. All these 
data were taken in a period of 1.3 h; when 
the complete conversion to the a’ or (Y 
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103/T (K-I) 

FIG. 4. log,, (conductivity x temperature) vs (tem- 
perature)-’ (see text for detailed description). 

phase is attained, the conductivities change 
rapidly with temperature. 

The cell was then cooled to 430 K with- 
out taking data, and held overnight (16 h) at 
this temperature. Then data were taken 
over a period of 9 h as the cell was cooled to 
room temperature, at which the conductiv- 
ity was 2.4 x 10e4 n-i cm-i, indicative of 
the presence of a small amount of the p and/ 
or 0~’ phase. The total time elapsed for the 
measurements was 105 h. The y + /3 transi- 
tion occurred at 411 K and the p --* o’ tran- 
sition occurred at 420 K. 

In Ref. (5), it was pointed out that the (Y 
+ /3 (now (Y’ --, /l always) transition was 
infinitely sluggish. This is correct in the p- 
phase region. However, it is now known 
that the transformation to the j3 phase does 
occur at temperatures below the y-/I transi- 

tion temperature, and it is probable that 
some /3 phase is present along the cooling 
curve (Fig. 3). 

A typical plot in which the p phase no 
longer appears is that for (Cs0.&bo.4)Cu4- 
Cl& shown in Fig. 4. Because there is no p 
phase, the measurements did not require 
the same time. The total heating time was 
56 h, 41 of which were used for the region 
392.5-409.8 K. The temperature was in- 
creased to above that of the transition (see 
Fig. 4) to hasten the y + (Y conversion. 
Measurements during cooling from 406.3 K 
(J , Fig. 4) to 298.8 K (lo3 T-l = 3.347 K-l) 
took 8 h; the conductivity at 298.8 K was 
0.26 R-i cm-i. Sixteen hours later, the con- 
ductivity at 296.6 K ( t , Fig. 4) was still 
0.23 R-i cm-’ and 24 h after that it had 
changed by 2% (based on the third decimal 
place). This shows that increased Rb+ con- 
tent markedly decreases the reconversion 
rate especially at room temperature. 

Some specific results of the conductivity 
measurements made in the solid electrolyte 
regions of the (Csi-,RbY)Cu4C1312 system 
are given in Table IV. The (Y’- and a-phase 
conductivities are indistinguishable. The 
bulk densities of the pills, which were all y 
phase, were usually 93-95% of the corre- 
sponding X-ray densities of the y phases. 
Because the lattice constants of all the y 
phases were not determined, their X-ray 
densities were estimated by multiplying the 
densities of the cubic phases at room tem- 
perature by the factor 1.006 which is the 
ratio of the y to (room-temperature) (II’- or 
a-phase densities of both cu’-CsCu4Clj12 (5) 
and a-RbCu4C13(I i .&l,,,) (3). 

The temperature ranges over which the 
measurements were made differ somewhat. 
At the high temperature end, some diffi- 
culty was encountered as manifested by de- 
creases in conductivity with increases in 
temperature. Although these changes oc- 
curred at different temperatures in different 
specimens, they did not show a correlation 
with composition. Usually grain growth 
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TABLE IV 

CONDUCTIVITY RESULTS FOR THE CUBIC PHASES OF THE (CsI-yRby)CuqC1312 SYSTEM 

Y 
Bulk 

density” 
Temp. 

range (K) h, @VI 
u(O-I cm-‘) 

at 298 Kb 
o-(fkl cm-r) 

at 419 K 

0.00 94 397-459 0.110 0.30 0.73 
0.05 93 388-476 0.110 0.31 0.75 
0.10 93 407-476 0.111 0.30 0.75 
0.20 93 394-455 0.107 0.31 0.74 
0.32 94 406-443 0.104 0.32 0.75 
0.40 93 368-48 1 0.109 0.31 0.76 
0.50 95 368-463 0.106 0.33 0.77 
0.70 94 370-463 0.101 0.34 0.76 

0 Of pellet as percent of X-ray density of y  phase. See text. 
b Extrapolated. 

and microscopic cracks were found in the 
specimens after completion of the measure- 
ments. 

There is no systematic variation in h,, 
the enthalpy of activation of motion of the 
Cu+ ions, with respect to y. Probably the 
largest error in h, occurs for the specimen 
with y = 0.70, because h, for the stoi- 
chiometric RbCu&l& is 0.112 eV (4). 
There was more experimental difficulty 
with the measurement of conductivities of 
the cesium than with the purely rubidium 
compounds (4). There is no a priori reason 
to expect replacement of Cs+ by Rb+ to 
change h, or the conductivities signifi- 
cantly from those of RbCu.&1312 although 
the conductivities of the latter were found 
to be significantly higher. 

There are no systematic differences in 
the conductivity values for specimens in 
the (Csi-,Rb,)Cu.&lJ~ system; the average 
of the values at 298 K, extrapolated from 
the ranges given in Table IV, is 0.32 r 0.02 
s1-’ cm-i and at 419 K, the /I + (Y transition 
temperature of AgI, 0.75 + 0.02 Q-i cm-‘. 
The analogous values for RbCu&& are 
0.39 and 0.97 R-* cm-i. For RbCu,Cl,I, (4), 
10&obT) = -565 T-’ + 3.%; for the 
(Csi-yRby)Cu&l& system, the average for 
the eight specimens of Table V is loglo 
= -540 T-l + 3.79. Thus there is a dis- 

placement of the two lines indicating 20- 
25% lower conductivities for the specimens 
containing Cs+. However, at the very least, 
the conductivity results for the (Csi-,Rb& 
CuqC1312 system should extrapolate to the 
values obtained for RbCu&l& They do 
not, and within experimental error, for all 
specimens in the (Csi-,Rb,)Cu&l& sys- 
tem, they are the same for the same temper- 
ature . 

TABLE V 

TRANSITION TEMPERATURES OF THE 
(Cs,-,Rb,)Ct&lJr SYSTEM 

Y T,, (K) Tp+,, or T,+. (K) 

0.00 
0.05 
0.10 
0.20 
0.32 
0.40 
0.50 
0.70 
1.00 

414” 427” 
411 420 
409 416 
402 407 
4006 401 
- - 397 
- - 387 
- - 371 
- - 35@ 

L1 In Ref. (5), 418 and 431 K were reported for these 
transitions, respectively. Errors in the temperature 
scale of the temperature controller have since been 
discovered and corrected. 

b By interpolation. 
c Ref. (3). 
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We believe that the results obtained for 
both the (Csi-,Rb,)Cu&l& and RbCu,- 
C13(12-,ClX) systems indicate reasonably 
high precision. However, it is likely that the 
results for the latter are considerably more 
accurate than for the former. In the case of 
the RbCu&l,(I2-Cl,) system (4), all speci- 
mens measured were in the cubic, solid 
electrolyte phase at the start. In each case, 
the electrode material was a mixture of 2- 
pm silver powder and the particular solid 
electrolyte (4). The measurements were 
made between room temperature, 298 K, 
and 415 to 460 K, depending on the speci- 
men (see Table I of Ref. (4)). There was 
some difficulty in obtaining good results for 
the stoichiometric compound and it was 
necessary to make the measurements on 
freshly prepared cells in all cases. 

For the (Csi-yRb,JCu4Cl&, freshly pre- 
pared cells were also always used. How- 
ever, we could not obtain good results by 
using each particular compound to prepare 
the electrode material for each run as we 
had for the RbCu&(12-,Cl,) system (4). It 
is for this reason that we settled on the use 
of RbCu4Clj(Il.Q,.,) for measurements on 
all the specimens containing Cs+. Further- 
more, all specimens were in the y phase at 
the beginning of the measurements. To 
reach the temperature region in which the 
cubic, solid electrolyte phase exists, at 
least one first-order transition must be tra- 
versed. It will be shown eventually that a 
subtle chemical reaction must also take 
place. Probably of considerable importance 
is the long duration of the measurements, 
which, we know from inspection, causes 
grain growth and microscopic cracks. The 
systematic error giving the lower conduc- 
tivity results for the (Csi-,Rb,)Cu4ClJ~ sys- 
tem, and for the other Cs+-containing spec- 
imens as well, is probably connected with 
one or more of the above. 

It should be noted that the conductivity 
of the p phase decreases markedly with in- 
creasing y. At the centers of the P-phase 

regions 421,415,413, and 405 K, for y = 0, 
0.05, 0.10, and 0.20, respectively, the con- 
ductivities are 0.13, 0.09, 0.05, 0.02 CR-’ 
cm-i, respectively. The activation enthal- 
pies are very high and increase markedly 
with increasing y: 0.77, 1.4,2.5, and 1.9 eV, 
respectively. With such large activation en- 
thalpies, the /3 phases cannot be true solid 
electrolytes and it is probable that the Cu+ 
ions are ordered in the P-phase crystal 
structure. If so, the most probable space 
group is R3. 

It was shown in Ref. (5) that the 
loglo(vs-T-i curve for the y phase of 
CsCu.&I~ can be approximated rather 
closely by two intersecting straight lines 
represented by 

UT = 8.77 X lo6 exp(-0.577/M) 
+ 2.43 X lOi exp(-1.538/U). 

This equation indicates that in the lower 
temperature region in which the y phase ex- 
ists there are some ions that are relatively 
mobile, while in the higher temperature re- 
gion, additional ions are being thermally ex- 
cited into mobile states. Further, if the en- 
thalpy in the lower temperature region is 
considered to be entirely enthalpy of mo- 
tion h,, then the formation enthalpy (14) ht 
in the higher temperature region is 1.92 eV 
because l/2 hf + h, = 1.54 eV. 

The behavior of log,o(uT) vs T-l of the y 
phase of all the other specimens is similar 
to that of y-CsCu&l& It does not seem 
necessary to calculate the relations for any 
more of them. 

For completeness, it is worth pointing 
out (as in Ref. (5)) that the loglo(vs-I’-’ 
behavior of the y phase is similar to that of 
p-PyAg& (25), implying that in the y-phase 
crystal structure, there are “built-in” sites 
into which Cu+ ions can move. 

3.2.2. Temperature-composition phase 
diagram. Figure 5 is a temperature-compo- 
sition solid-state phase diagram of the 
(Csi-,Rb,)Ct&l& system. The transition 
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FIG. 5. Temperature-composition solid-state phase 
diagram. The broken line which is supposed to repre- 
sent the a’-a phase transition line is an extension of 
the y-(Y phase coexistence line and is included to em- 
phasize its existence. The correct a’-a. line is yet to be 
determined (see text). 

temperatures, also listed in Table V, were 
obtained from the conductivity measure- 
ments . 

The p phase exists in very narrow tem- 
perature ranges: 13 K for CsCu&l&, de- 
creasing to zero for y = 0.36. The broken 
line (Fig, 5) representing the second-order 
(Y’--(Y transitions is drawn simply as an ex- 
tension of the y-cu coexistence line. It is 
included to emphasize its existence. We 
hope to establish the correct line by moni- 
toring the decrease in intensity of the (200) 
reflections with increasing temperature and 
perhaps by collaboration with someone 
who has more sensitive DSC equipment. 

The triple point at y = 0.36, T = 399 K 
“forces” the (Y’--(Y transition to be continu- 
ous. (Fisher (16) has suggested that the 
term “continuous” be used for all transi- 
tions other than first order.) At such transi- 
tions, the states of both phases are consid- 
ered to be the same (17). 

The P-phase temperature region for the 
specimen with y = 0.32 is about 1 K. The y 
+ p transition could not be detected in the 
conductivity measurements. 

We now have further information on the 
(Y --) y transformation of RbCu&l&. Origi- 
nally we did believe that this transforma- 
tion was attained only by cold work for rea- 
sons described in detail in Ref. (3). 
However, among the specimens prepared 
for Ref. (4) which are now approximately 
two years old, those with x r 0.03 have 
transformed partially to the y phase. None 
of the specimen with x = 0.04 remained, so 
that we do not how it behaves. Specimens 
with x 2 0.05 are still a phase. 

We do not know why the old samples 
investigated for Ref. (3) that should have 
changed did not or why specimens with 0 < 
x 5 0.03 would not transform when sub- 
jected to the cold work. Suffice it to say 
now that the new observations must imply 
that for x I 0.03 (possibly x I 0.04) the (Y 
phases are unstable with respect to the y 
phase at room temperature. The transfor- 
mation always involves a decomposition, in 
which two of the products are CuI and y- 
RbCu&l&&10.,-,J. When the old speci- 
mens with x 5 0.03 were reannealed at 
200°C they converted to the cubic phase 
with x = 0.04; the presence of CuI was de- 
tected in the X-ray powder photographs, 
just as in the case of the results on stoi- 
chiometric RbCu&l& reported earlier (3). 

3.2.3. Thermal analyses. Shown in Fig. 6 
are the results of a DSC run on CsCu&l&; 
three distinct endotherms occur but heat is 
still being absorbed between -428 and 460 
K. It is difficult to establish a baseline, and 
almost impossible to resolve the two effects 
that occur around 420 K for the purpose of 
determining transition temperatures. In the 
DTA run (not shown), there is no resolution 
of the two peaks at all. 

The two peaks about 420 K must be asso- 
ciated with the y ---* p and /? + CY’ transi- 
tions. Even when the y + /I transition no 
longer occurs, results obtained from the 
DSC or DTA for transition temperatures do 
not agree well with those obtained from the 
conductivity measurements. The thermal 
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FIG. 6. Differential scanning calorimeter trace. The 
first and second peaks are related to the y  --, p and /3 + 
a’ transitions, respectively. The third peak is associ- 
ated with a chemical reaction (see text). 

analyses give higher values, e.g., for 
(Cso.~Rbo.7)Cu4C131*, the DTA gives a T,,, 
of 395 K as opposed to 371 K from conduc- 
tivity measurements. From the earlier dis- 
cussion of the two examples, it is readily 
seen, that the error in transition tempera- 
tures from conductivity measurements 
could only be on the high side. Thus the 
sluggishness of the transitions is probably 
the cause of the discrepancy with DTA 
results. DSC results are similarly high and 
in general, agree with the DTA results. 

In Fig. 6, there is also a peak at -465 K. 
A similar peak is seen in both the DSC and 
DTA runs on every specimen containing 
Cs+ on which they have been made in the 
systems (CsI-yRby)Cu&l& and CsCud- 
C13(12-XC1X). The temperature at which this 
peak occurs appears to depend on composi- 
tion, the highest being for CsCu&&. As 
indicated earlier, it was at first believed that 
this peak indicated another phase tran- 
sition. However, there is no systematic in- 
dication of such a transition in the con- 
ductivity-vs-temperature measurements. 
Furthermore, these endotherms also occur 
for specimens with y > 0.36. Thus, it 

seemed that these peaks must represent a 
chemical reaction. 

To determine the order of this “transi- 
tion,” the following experiment was carried 
out with the DTA equipment. A sample of 
CsCu.&I2 was heated through the temper- 
ature of this (endothermic) heat effect; on 
cooling, the highest temperature peak, 
which would be exothermic, did not ap- 
pear. This proved that this heat effect is 
associated with a first-order process. 

We then carried out the following experi- 
ments on specimens of (Cs~.~Rb~.~)Cu&l& 
and (Cs0.sRb,&2u&1&. Each specimen 
was heated to about 5” above its tempera- 
ture of transition (Fig. 5 and Table V) to its 
(first) cubic phase. The block was quickly 
removed from the furnace and the speci- 
men cooled under a continuous flow of dry 
nitrogen. When the furnace and block 
cooled sufficiently, the block was replaced 
in the furnace and the specimen again 
heated to just above its T,,, and Tp,,,, re- 
spectively, the block quickly removed and 
the specimen cooled under a continuous 
flow of nitrogen. After about 10 such treat- 
ments, these transitions no longer ap- 
peared. Then, in both cases, a DTA run to 
well above the temperature of the highest 
temperature peak, 417 and 446 K, respec- 
tively, showed that this peak was no longer 
present. This proves that this peak is not 
associated with what one would normally 
consider to be a crystallographic transition. 

Although the important conclusion is that 
the highest temperature peak observed by 
DTA and DSC is not a normal crystallo- 
graphic transition, it is of interest to know 
what does occur. This is not easily done 
experimentally, but we can suggest a plau- 
sible explanation. When all the /3 or y phase 
is removed, there is only the cubic phase 
((Y, cz’, respectively) left and it is a pure sta- 

* It would have been much better to heat the speci- 
men to just above the transition and keep the tempera- 
ture constant there. This cannot be done with the DTA 
equipment that is available to us. 
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TABLE VI 

CONDUCTIVITY RESULTS FOR THE CUBIC PHASES OF THE CsCu&13(12-,CI,) SYSTEM 
AND TRANSITION TEMPERATURES 

Transition 
temp. (K) 

Bulk Temp. u(R-I cm-‘) u(P1 cm-l) 
X density” range (K) h, (ev) at 298 Kb at 419 K T 7-p T,+, 

0.10 93 413-480 0.104 0.30 0.69 413 426 
0.167 94 413-485 0.103 0.30 0.69 413 422 
0.25 92 413-458 0.101 0.29 0.64 412 421 

a As a percentage of the X-ray density of the y  phase (see text). 
* Extrapolated. 

ble phase. With a heating rate of lO“C/min 
as was required to see even the peaks as 
shown (Fig. 6), some of the /3 and/or y 
phase remained with the cubic phase, pos- 
sibly not yet having the composition of the 
pure cubic phase, to a higher temperature 
and reacted with minute amounts of decom- 
position products still present to form more 
of the cubic phase. The question is: What 
decomposition products? 

It is disconcerting to be forced to suggest 
that in every case when the cubic phase is 
annealed entirely to the y phase, the latter 
is not phase pure! This cannot be discerned 
in the X-ray powder diffraction photo- 
graphs for specimens in the (Cs,-,Rb,,)Cu4- 
Cl& system when y I 0.75. However, a 
minute amount, estimated at ~-0.5% by 
weight, of CuI is detected in a diffractome- 
ter pattern of y-CsCu&1312. Almost surely, 
there must also be present some other inter- 
mediate phase. Such phases CsCu2C13, Cs- 
Cu2IC12, CsCu&CI, CsCu& do exist, but 
we have not seen any of them in the diffrac- 
tometer pattern, probably because of the 
presence of much smaller amounts than 
CuI and overlap with the lines of the y 
phase. A similar problem occurred in the 
study of RbCu4Cl& (3); in that case, it was 
proved that this explanation is correct. 
Moreover, in the (Csl-yRb,JCu.&l& sys- 
tem, we do see the GUI in the X-ray powder 
diffraction photographs of the low-tempera- 

ture-annealed specimens for y 2 0.75, but 
unlike the RbCu&l& case, when heated 
for about 10 h at 200°C the y phase, CuI, 
and other phases present recombine to 
form the single (Y or cr’ phase. 

It should be emphasized that for the 
specimens in the (Csl-,Rb,)Cu&l& sys- 
tem, the decomposition cannot be signifi- 
cant with respect to the electrical proper- 
ties of the y phase. In any case, because of 
the time taken to attain the cy or (Y’ phase in 
the measurements of conductivity, there is 
no doubt that these represent the pure cubic 
solid electrolytes with the formulas as 
given, e.g., in Tables I-III. 

3.3. Conductivity and Phase Transitions 
in the System CsCu&(Z2-,Cl,) 

Conductivity measurements and thermal 
analyses have been made on three speci- 
mens in the CsCu4C1&.,Cl,) system, i.e., 
for x = 0.10, 0.167, and 0.25. Results of 
conductivity measurements on the solid 
electrolyte phases are given in Table VI. 
Also given are the p + (Y’ transition tem- 
peratures. Substitution of Cl- for I- has a 
relatively small effect on the transition tem- 
peratures . 

The enthalpies of activation of motion h, 
are probably low, and should probably in- 
crease with increasing x (4). The low values 
of h, are a result of some drop-off of con- 
ductivity with increasing temperature be- 
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cause of grain growth and/or development 
of microscopic cracks in the cells. 
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