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Quasi-one-dimensional sulfides ACu,8,; (A = TI, K} with
(NR,)Cu.S,-type structure and a new isotypic sulfide RbCu,S,
were prepared. Thermal analysis, electrical resistivity, thermoelec-
tric power, and magnetic susceptibility measurements showed a
large variety of successive phase transitions. The transitions have
characteristics common to all three compounds. They are labeled
as T,(A) = 395, 445, and 400 K, respectively, for 4 = T, K, and
Rb; T,(A) = 245, 250, and 260 K, respectively, for A = TI, K,
and Rb; T;{A) = 220K for all the compounds; T,(A) = 190, 180,
and 190 K, respectively for A = TI, K, and Rb; T;{A) = 160-170
K for both A = Tl and Rb; T,(A) = 60 K far all the compounds;
and T, (Rb) = 30 K. Electron diffraction measurements of KCu,S,
showed two kinds of superstructures befow 7,(K) and 7,(K), which
are characterized by the corresponding commensurate wave vectors
q=ic* and ¢ = 2(a* + $b*) + 3c*, respectively. TICu,S, showed
the superstructure with g = ic* below T,(T!) and one with g =}
(a* + b*) + ic* on further cooling. RbCu,S, showed only g = ic*
below T,(Rb). An order-disordering mechanism was proposed to
be the possible origin for the transition T,(A). The origins of the
other transitions are not clear, Through studies on nonsteichiomet-
ric samples, it was revealed that the relatively high conductivity
of these compounds originates from the atomic vacancies of both
Cu and TL. © 1995 Academic Press, Inc.

INTRODUCTION

In the past two decades, a large number of quasi-one-
dimensional compounds have been intensively itrvesti-
gated. These efforts have been devoted mainly to two
subjects: one is the search for new types of superconduct-
ing materials with a high critical temperature T, based on
an excitonic mechanism (1), and the other is research on
charge-density-wave (CDW) instability (2). Although the
candidates for excitonic superconductors have not yet
been identified, many compounds exhibit the CDW insta-
bility, e.g., NbSe; (2, 3), (NbSey sl (2, 4), A, 3sMo00,
(A = K, Rb, TI) (2, 5), Nb;Te, (6, 7), In,Nb,Te, (8), etc.

Berger and Sobott found a guasi-one-dimensionat sul-
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fide, TICu,S, (9), which is isostructural with (NH,)Cu,S,
as reported by Gattow (10). Recently, we reported a new
isotypic sulfide, KCu,S; (11). Figure 1 is a schematic
drawing of the structure of ACu,S, (A = NH,, T1, K) (11);
the unit cell is tetragonal, with symmetry I4 containing 2
formula units. There are two kinds of Cu sites, labeled
as Cul and Cu2, which belong to the different 8g sites. The
Cul atoms are coordinated triangularly to form [Cu,S,]
columns running parallel to the ¢ axis, and the Cu?2 atoms
are nearly 3-coordinated and form double **CuS,’" tetrahe-
dral chains, which will be referred to as “‘tetrahedral
chains’® according to the notation adopted by Whangbo
and Canadell (12). The occupancy factor of the Cu2 atoms
is . The [Cu,S,] columns are joined by the tetrahedral
chains to form tunnels containing the A ions, which are
in the special positions 2¢ and are surrounded by tetrago-
nal pseudo-cubic prisms of § atoms.

We previously reported the temperature variations of
the resistivity p of TICu,S, associated with three phase
transitions at 160—170, 190-200, and 240-250 K, and those
of KCu,5, with two phase transitions at 175-190 and
240-250 K (11). Both compounds have relatively low re-
sistivity on the order of 1072-107! Q- cm in spite of the
filled bands of the d'? state of Cu*. Thermoelectric power
and magnetic susceptibility measurements also showed
anomalies at the corresponding temperatures. It is of con-
siderable interest that the present compounds resemble
K;CugS, . which contains similar [{Cu,S,] chains and the
tetrahedral chains and shows CDW-like anomalies at
~153 and 55 K (13-17). On the basis of band calculation
using the extended Hiickel tight-binding method,
Whangbo and Canadell claimed that the transitions in
TiCu,S, and K,CuyS, cannot originate from the CDW in-
stabilities, but are caused by an order-disorder transition
of the Cu® ions in the tetrahedral chains (12).

However, the origins of the phase transitions as well
as of the relatively high conductivity are not entirely clear.
in the present work, therefore, we performed more de-
tailed investigations on TICu,S,, KCu,;S,, and a new iso-
typic sulfide, RbCu,S,, through powder X-ray diffraction,
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FIG. 1. Schematic crystal strugture of ACu;S4(4 = TI1, K) with (NH,)Cu,;S, type. The unit cell is tetragonal with symmetry I4.

DTA (differential thermal analysis), DSC (different scan-
ning calorimetry), electrical resistivity, thermoelectric
power, magnetic susceptibility, and electron diffraction
measurements.

EXPERIMENTAL

TICu,S, and KCu,S, were obtained by heating mixtures
of the elements T1 (or K), Cu, and § in the stoichiometric
ratio in evacuated silica tubes. To prevent the reaction of
Tl {or K) with humidity and oxygen, the starting mixtures
were treated in a dry box under a purified nitrogen atmo-
sphere. The mixtures were heated up to 1073 K at a rate
of 100 K/hr, and then annealed at 673 K for 1 week. The
obtained specimens were pelletized and sealed again in
silica tubes, and then were sintered at 573 K for TiCu,S,
and at 673 K for KCu,5, for 1 week. RbCu,S, was pre-
pared from a mixture of the desired ratio of RbS, Cu, and
S in the same way as used for the preparation of KCu,S,.
RbS was separately prepared in the following manner.
Commercially available Rb metal; sealed in a Pyrex glass
ampule, was sealed into a silica tube together with an
equimolar amount of S powder, and then the glass ampule
was broken inside the silica tube, followed by heating at
573 K for 2 weeks. X-ray powder diffraction measure-
ments were performed at room temperature using a dif-
fractometer RIGAKU RAD-B. Intensity data were col-
lected with CuKe radiation at 0,05° intervals, and the data
were analyzed by Rietveld refinement using a RIETAN
program (18). DTA measurements were performed from

room temperature to 1000 K by using MAC SCIENCE
TG-DTA 2000; samples were sealed into a small silica tube
with a thin bottom especially designed for good thermal
contact with the sample holder. DSC measurements were
carried out from ~100 to 300 K using MAC SCIENCE
DSC-3100. Both of the thermal measurements were per-
formed at heating and cooling rates of 10 K/min. Electrical
resistivity p was measured using an ordinary dc four-
probe method from 3 to 273 K. Thermoelectric power
(Seebeck coefficient §) measurements were performed
from ~100 to 273 K using Cu leads with a temperature
gradient of ~0.3 K/cm. Magnetic susceptibility x was
measured from 4.2 to 273 K using a Faraday-type
magnetic balance (Oxford Instruments Ltd., System:
RS177D + CF1200S + ADAS). All the measurements of
p. S, and y were carried out on cooling and subsequently
on heating. Electron diffraction measurements were per-
formed from room temperature down to —30 K using a
JEM-2000EX electron microscope.

RESULTS

Structure

All the compounds were obtained as a black powder,
and were quite stable in air. The powder X-ray diffraction
patterns indicated that all the compounds have the
(NH,)Cu,S,-type structure. The reproducibility was much
higher than in the earlier report (9). The lattice parameters
obtained by the least-squares method are ¢ = 10.174(4)
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FIG. 2. Profile fits of powder X-ray diffraction patterns obtained by Rietveld analysis of TICu,8, (a) and KCu,8, (b).

A and ¢ = 3.8389(2) A for TICu,S,, a = 10.163(5) A and
¢ = 3.8380(4) A for KCu,S,, and a = 10.271(5) Aand ¢ =
3.8396(3) A for RbCu,S,. The lattice parameters increase
according to the increase of the ;lonic radius r of A¥, i.e.,
r(K*) = 1.33 A, H(T1*) = 1.47 A, and r(Rb*) = 1.48 A.
The expansion of the ¢ axis is smaller than that of the a
axis because the tunnels run along the ¢ axis.

The starting model for the Rietveld analysis was derived
from the structure of (NH,)Cu,S, (space group 74) (10)
by replacing (NH,)* with A*. The profile fits for TiCu,S,
and KCu;S, are shown in Figs. 2a and 2b, respectively.

The calculated profile plots agree well with the observed
patterns for both cases. Although the X-ray pattern of
RbCu,S, is close to those of both TICu,S, and KCu,S,,
the Rietveld analysis did not give reasonable R values,
presumably due to the presence of a small amount of
impurities and to the relatively weak intensity of the dif-
fraction peaks. Table 1 shows the positional parameters
and isotropic thermal parameters of four atoms for
TICuw,;S, and KCu,S,. The final R factors are R,,, = 5.2%,
R, = 3.6%, Ry = 5.9%, Ry = 3.1%, and R, = 3.2% for
TiCu,S,, and R,,, = 7.9%, R, = 5.5%, Ry = 9.5%, Rg =
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TABLE 1
Positional Parameters and Equivalent Isotropic Thermal
Parameters
Atoms X y z Uu(Al®  occ.t
} {TICu;S,)
Tl 0 0 0 1.55(4) 1.0
Cul Q.0242) 0.361(8) —0.0347) 1.08(6) 1.0
Cu2 0.175(7) 0.270(2) 0.532(8) 6.49(7) 0.75
5 0.239(2) 0.4292) —0.047(1) 2,073 1.0
{KCu,3.}
K 0 0 0 3.65(2) 1.0
Cul 0.027(8) 0.356(1) 0.026(4) 0.96(9) 1.0
Cu2 0.163(6) 0.258(3) 0.468(1) 2.25(6) 0.75
S 0.259(1) 0.451(4) —-0.078(9) 5.30(2) i.0

“ th = (81‘!‘ 2!3) E; zjljjja;k afa,"ﬂj.
b Site occupancy.

7.1%, and R, = 5.1% for KCu,S,. The atomic positions
in both compounds are close to those in (NH,)Cu,S,,
while, as opposed to the original determination of z =
0.35(10), the Cu2 atoms are situated near the ideal position
of z = { in both TICu;S, and KCu;,S,. The high U, value
for C2 site in TICu,;S, implies that the site occupancy
factor is not just 0.75, but probably less than 0.75. How-
ever, the value of U,, was not remarkably improved by
adopting the occupancy factor smaller than (.75, The typi-
cal interatomic distances are given in Table 2 for both
TICu,S; and KCu,S,. Although the lattice parameters of
TiCu,S, are larger than those of KCu,S,, the averaged
interatomic distances of Cul-Cul, Cul-S, and S-§
within the [Cu,S,] columns in TICu,S, are smaller than
those in KCu,;S,;. On the other hand, the values of the
S-8 (intercolumn) and the A-S distances in TICu,S, are
larger than those in KCu,8,. These results clearly show
that the cross section of the {Cu,S,] columns in TICu,S,

TABLE 2
Seiected Bond Length (&) of TICu,S, and KCu,S,
TICu,S, KCu,S,
Cul-Cul 2.606(2x), 2.972(2X), 2.717(2x), 2.99002 %),
2.848 2.979
Cul-8 2.128, 2.312, 2.635 2.219, 2.574, 2.544
S-8 (intracolumn)  3.839, 3.905 3.838, 3.584
(intercolurnn)  3.913 4,014
S-TI (or K) 3.253(8x) 2.975(8%)
Cu2-8 2.827, 2.227, 4.442, 2.311, 2.650, 2,171,
2.374 4100
Cu2-Cu2 2.47B(2x) 2.607(2x)
Cu2-Cul 2.462, 2.593, 2.838, 2.548, 2.580, 2.756,
2,929, 2,939 3.345, 3.813
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is smaller than in KCu,S,, indicating that the columns are
well isolated in TICu,S, compared with those in KCu,S,.
In the tetrahedral chains, the Cu2-S distances are 2.227,
2.510 (within the a-b plane), and 2.374 A (between
the neighboring a—b planes) for TICu-S,, and are 2.311,
2.171, and 2.650 A for KCu,S8,, respectively. Conse-
quently the Cu2-Cu2 distance is shorter in TICu,S,
(=2.478 A) than in KCu,S, (=2.607 A). The Cu2-Cu2
distance in TICu,S, is a reasonable value for the Cu*-Cu*
distance (19).

Eriksson et al. reported that TiCu,Se, has also the
(NH,)Cu,S, structure, but the space group is 14/m rather
than /4 (20). We thus performed a Rietveld analysis in
the space group I4/m for both TICu,S, and KCu,8,. The
results for KCu,S, showed the large divergence, which
suggests that the favorable space group for this compound
is /4. On the other hand, the obtained R factors for TICu,3,
were comparable to those obtained in the space group 4.
For the following two reasons, we speculate that the space
group 14 is much preferable to 74/m for TICu,S,: (a) our
preliminary preparation of the system TICu,(S,_,Se,),
showed a two-phase region in the range 0.6 = x = 0.9,
suggesting the space groups are different between TICu,S,
and TICu,Se,; and (b) the system (T1,_,K,}Cu,S, (0 =
x = 1.0) showed a compleie solid solation, which will be
mentioned in the later section. For further clarification,
however, the more precise structure analyses should be
performed by using single crystals,

Thermal Analysis

DTA measurements revealed that TICu,8, melts incon-
gruently at 690-730 K, and that KCu,S, and RbCu,S, melt
nearly congruently at 905 and 925 K, respectively. A smatt
endothermic peak was observed at ~393, ~445, and ~400
K upon heating, respectively, for TICu,S,, KCu,S, and
RbCu,8,, and on cooling at ~365 K for TiCu,S,. The
results of DSC measurements below room temperature
are as follows. TICu,S, has endothermic peaks at 170,
196, and 220 K on heating, and exothermic peaks at 160
and 193 K on cooling. The latent heat of the 196-K transi-
tion is 0.250 J/g, while that of the other transitions is too
weak to be estimated. KCu,S, exhibits the endothermic
peak at 186 K on heating, and the exothermic peak at 181
K on cooling; the latent heat of the endothermic peak is
0.212 I/g, whereas it is 1.89 J/g for the exothermic peak.
RbCu,S, shows endothermic peaks at 180, 196, and 248
K on heating, and exothermic peaks at 191 and 242 K on
cooling. The latent heat of the endothermic peak at
196 and 248 K is 0.689 and 0.0438 J/g,
respectively.

Transport Properties

Figure 3 shows temperature variations of the resistivity
p of ACu,S, (A =TI, K, Rb). The resistivity of TICu,S,
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FIG. 4. Temperature variations of Seebeck coefficients § for
ACu,8,(A = Tl, K, Rb).

havior down to ~30 K with exhibiting a small bend at
~260 K and an obvious hump at ~180 K, and then shows
metallic behavior below ~30 K. A large hysteresis was
observed in the temperature range 160-190 K, and the
temperature dependence of p is irreversible above ~190
K. The inset gives the resistivity of TICu,S, in the higher
temperature range up to 423 K. A distinct anomaly is
observed at 360-400 K accompanied by a hysteresis,
which definitely corresponds to the anomaly observed
in the DTA measurements. Similar anomalies also were
observed in KCu,S, and RbCu,S, at the temperatures
corresponding to the anomatlies observed in the DTA mea-
surements. All the results of p measurements above men-
tioned were quite reproducible. No superconductivity
was obseved above 3 K in any of the compounds.
Temperature variations of Seebeck coefficients § for
ACu;S, (A = TL, K, Rb) are given in Fig. 4. The values
of § of TICu,S, are of the order of ~300 wV/K in the
temperature range between ~190 and 273 K, with these
values being compatible with the semiconductive nature
as observed in the p measurements. In the range of
150-190 K, the values of § shows a drastic decrease with
decreasing temperature down to ~20 uV/K, which cor-
responds to the sharp drop in p. The other anomalies are

OHTANI ET AL.

recognized at ~190, ~225, or ~245 K. The § values of
KCu,S, show a small hump at ~245 K and then decrease
with decreasing temperature down to about 100 K, and
exhibits a distinct drop at ~180 K. The most characteristic
feature for KCu,S, is that the sign of 5 changes from
positive to negative at ~175 K with decreasing tempera-
ture, which is simply considered that the dominant carri-
ers change from holes to electrons near this temperature.
The $-T curve of RbCu,S, has a broad maximum at ~250
K, and an obvious hump at 180-200 K corresponding to
the hump in the g—T curve. RbCu,S, also exhibits a change
of sign of § from positive to negative with decreasing
temperature around 130 K.

Magnetic Susceptibility

In the temperature range below ~150, ~175, and ~180
K, respectively, for TICu,S,, KCu,S,, and RbCu,S,, the
values of magnetic susceptibility y were well fitted to a
Curie-Weiss law x = x + C/(T — 8), where x, is a
temperature-independent term, C is a Curie constant, and
# is a Weiss constant. Figure 5 gives temperature depen-
dences of inverse magnetic susceptibility (x — x,)~" for
ACu;S, (A =TI, K, Rb). One can notice a slight change
of the slope of the (x — x,) ' vs T curve at ~60 K for
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ture-independent term of the magnetic susceptibility x.
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each compound, suggesting a new phase change. Further,
it is notable that RbCu,5, shows an obvious anomaly at
about 30 K, suggesting a transition, which appears to
correspond to the maximum in the p—T curve. The mag-
netic parameters estimated from the slopes above ~60 K
are 6 = —11.4 K, Py = 0.053 py for TICu,S,, 6 = 15.2
K, Py = 0.092 up for KCu,S,, and 8 = —11.2 K, Py =
0.094 ., for RbCu,S,, where the P is an averaged effec-
tive paramagnetic moment per one Cu atom. The slopes
below ~60 K for every compound give the slightly smalier
values of P, compared with the above corresponding
values. The temperature variations of (y — x,)~! in the
higher temperature range do not show Curie—Weiss-like
behavior, suggesting complex magnetic states presumably
due to the existence of many transitions in this tempera-
ture range.

Electron Diffraction

Figure 6 gives electron diffraction (ED) patterns of

KCu,S, taken at room temperature (a), at ~210 K (b}, and
at ~100 K (c). The incident electron beam is a direction of
[220]. Figure 7 shows the schematic drawing of the ED
patterns of KCu,S,. Two types of superstructures were
observed respectively at ~210 and ~100 K. The superlat-
tice reflections observed at ~2i0 K are characterized by
a commensurate wave vector of g = 3c*, whose appear-
ance is considered to be associated with the 250 K transi-
tion. The additional satellite spots, as shown in Fig. éc,
appeared below 180 K transition. This pattern is charac-
terized by the commensurate wave vectors of ¢ = =
1a* + 1b*) + ic*. The diffraction patterns observed by
the other directions of incident beam were all compatible
with these g vectors. TICu,S, also showed similar types
of satellite patterns, though the patterns are not so clear.
The ¢ axis was doubled below the 245 K transition, and
additional satellite patterns were observed below ~85 K,
which are characterized by the commensurate wave vec-
tor of ¢ = #a* + b*) + ic*. Although it was difficult to
observe this pattern above ~85 K, presumably because
the satellite spots were too weak, this pattern is assumed
to appear below the 190 K or the 160 K transition. RbCu,S,
showed satellite spots with the wave vectors g = ¢*
below ~250 K like Tl and K compounds. But no additional
satellites were observed down to ~30 K. The satellite
spots of g = 3¢* in RbCu,§, disappeared when the sam-
ples were heated up to a temperatures higher than ~310
K, which is consistent with the large hysteresis in g in
this temperature range.

DISCUSSION

Transport

As mentioned before (see the introduction), it is of
particular interest that the present compounds show good
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conductivety in all temperature ranges down to 3 K in
spite of the filled bands of the &'° state of Cu™, It is most
likely that good conductivity is due to the presence of
vacancies. Whangbo and Canadell proposed that the com-
pounds have vacancies such that the true formula is repre-
sented by A,_,Cu,_ (Cu,Sy) (x # 0, y # 0), and thus sulfur
p-block bands of the [Cu,S, ] columns are partially empty,
leading to the metallic character (12). This speculation is
supported by the present results of the positive Seebeck
coefficients above ~100 K, which suggest the presence
of holes originating from the cation vacancies. Further,
one should note the presence of magnetic moments for
all the compounds. It is most plausible to suppose that
the magnetic moments arise from the Cu?* ions generated
by the Cu vacancies, because the starting element of Cu
is 99.9% pure, and both A(A = TI, K, Rb) and S scarcely
contain magnetic impurities. Based on this assumption,
the number of Cu?’ ions was estimated to be 0.092%,
0.28%, and 0.29% of the total number of Cu atoms, respec-
tively, for TICu,S,, KCu,S,, and RbCu,S,. As currently
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recognized, the copper atoms are in the monovalent state
in all the chalcogenides, as first proposed by Folmer and
Jellinek through X-ray photoelectron spectroscopy stud-
ies (21). The present results, however, suggest that the
existence of Cu?* ions in the chalcogenides cannot be
entirely excluded. From these results, one can suppose
that a small number of copper vacancies exist even in the
stoichiometric samples in the present compounds.

To clarify the relation between conduction and va-
cancies, nonstoichiometric samples of the Cu-excess sys-
tem TICu,, .S, (0 < x = 0.20), the Cu-deficient system
TICu,_, S, (0 < x = 0.05), and the Tl-deficient system
TI,_,Cu,S, (0 < x = 0.10) were prepared in the same ways
as the stoichiometric samples. All the obtained specimens
were of a single phase, and the lattice parameters vary
continuously with composition. The excess Cu atoms in
the TICu,,,S, samples were revealed by Rietveld analysis
to be situated at the Cu2 sites. Figure 8 gives the tempera-
tare variations of p for the variable composition of Cu
samples TICu,,,8, (—0.05 = x = 0.10). The Cu-deficient
samples are more conductive than the stoichiometric sam-
pile, whereas the Cu-excess samples are less conductive.
Figure 9 shows the temperature dependences of S of the
variable composition of Cu samples TiCu,, S, (—-0.05 =
x = 0.10). The sign of § is positive in the measured temper-

o . TICu74+x S4

log p{&ecm)

-2 P i
0 100 200
Temperature (K)

300

FIG. 8. Temperature variations of the resistivity p for the variable
Cucomposition samples of TICu;, .S, (—0.05 = x = 0.10). For simplicity,
only the results on cooling are shown.



PROPERTIES OF AND PHASE TRANSITIONS IN ACu;S,{A = Tl, K, Rb}

800
oo e
TlCll7+x S4 .o ° o
S oo
L a
°
o
3 Du
600 [ e x=0.10
° °
[-L-F-)
°
o
@ -]
° OODOBDD Do nﬂ
) o 02" 0.04
=2 s 0
- o
3400 ° .
w o °
o .‘-......II.. 0
° ° . L2%00, antegt
o
@ a .Du e °°c°0°°°un°n
200t . R -0.03
L
-]
Ll
o o cos o7° 0
e . 0® R L P
o et -0.05
o
ao“ou ':;"cn
.
ol seupantiin” A .
100 150 200 250 300

Temperature (K)

FIG. 9. Temperatue variations of Seebeck coefficient S for the vari-
able Cu composition samples of TICu,,, 54 (—0.05 = x = 0.10). For
simplicity, only the results on cooling are shown.

ature range for all the compositions, and the values in-
crease as the Cu content decreases, suggesting that the
number of holes decreases with increasing Cu content.
A similar tendency was also observed in the Tl,_,Cu,S,
system (0 < x = 0.10). From these results, it is clear
that the conductive carriers of the holes in the present
compounds originate from the partially empty sulfur p-
block bands of the [Cu,S,] columns which are induced
by the Cu vacancies as well as the Tl vacancies, as sug-
gested by Whangbo and Canadell (12). The relatively
weak semiconductive behaviors, as wetl as the positive
values of § observed in the Cu-excess samples, would
show that the vacancies cannot be entirely eliminated
even by the introduction of excess amounts of Cu atoms.
This would be the case for the other compounds of ACu,S,
(A = K, Rb}.

Phase Transitions

The present compounds exhibit many phase transitions.
As far as the authors know, such a large variety of succes-
sive phase transitions have not yet been found in other
compounds. The transitions appear to have commeon char-
acteristics among the compounds concerning the transi-
tion temperatures and the manner of the change of physi-
cal properties across the transitions. They can be
summarized as: (1) T,(A); the 396 K, 446 K, and 402 K
transitions, respectively, for A = TI, K, and Rb, as de-
tected by the DTA peaks and the drop in p on cooling;
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(2) T,(A): the 245 K, 250 K, and 260 K transitions, respec-
tively, for A = TI, K, and Rb, which are characterized
by the bend in the p-T curves; (3) T;(A): The 220 K
transition observed in all the compounds, as detected by
the DSC and the S measurements; (4) T,(A): the 190 K,
180 K, and 190 K transitions, respectively, for A = TI,
K, and Rb, as commonly observed in the change of §
and x across the transitions; (5) 75(A): the 160-170 K
transition for both A = Tl and Rb, which is accompanied
by adrop in p on cooling and a small DSC peak; (6) T,(A):
the 60 K transition for every compound, which is clearly
observed in the x-T curves; and (7) T,(Rb): the 30 K
transition as clearly shown in y measurements.

One problem, however, is that p at T,(K) shows an
inverse change compared with p at both T,(T1) and T,(Rb).
To reveal the nature of the transition T,(K), we studied
the solid solution system between TICu.S, and KCu,S,.
X-ray diffraction measurements showed that these com-
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FIG, 10. Temperature dependences of the resistivity p of (TI,_,
K, )Cu;8, (0 = x = 1.0).
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FIG. 11. DSC (differential scanning calorimetry) profiles on heating

for the system TICu;, S, (—0.05 = x = 0.10). Measurements were carried
out at the heating rate of 10 K/min.

pounds form a complete solid solution system. Figure
10 gives temperature dependences of p for the system
(T1,_,K,)Cu,8, (0 = x = 1.0). The temperature variations
of p change continuously with the composition x; i.e.,
T,(Tl) appears to be continuously smeared with increasing
K content, and 75 (Tl) seems to come close to T,(K) with
increasing K content. The latent heat observed in the
DSC measurements also continuously increased with in-
creased K content x. From the continuous changes of
the transition temperature and p, it is assumed that the
transitions T,(T1) and T,(K) are substantially of the same
type, and that T,(K) and T (K) would occur almost simul-
taneously; thereby the inherent tendency to a jump of p
on cooling at T, (K) would seemingly hide in a very narrow
temperature range around 180 K. This speculation would
be supported by the result that the latent heat of the
transition T,(K) is quite large compared with that of
T,(Tl, Rb}.

Figure 11 gives DSC data for the system TICu,, S,.
The samples are the same ones used in the electrical
measurements (see Figs. 8 and 9). Whangbo and Canadell
claimed that the transitions in the present compounds are
caused by an ordering of the Cu2 atoms in the tetrahedral
chains (12). When the transitions are of the order—disorder
type, the transition temperatures will show composition
dependence (22). In the present results of the DSC, the
transition temperature of 7,{Tl) showed a slight increase
with the increase of the Cu content, which is consistent
with the results of p measurements as shown in Fig. 8.
The latent heat of T,(Tl) also increases with increasing
Cu content. These results suggest that 7, (T}, and possibly
T,(K) and T,(Rb), are associated with a structural change
such as the order-disorder transition. Thus, the transition
T,(A) would be caused by a pairing distortion of the tetra-
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hedral chains along the ¢ axis, as suggested by Whangbo
and Canadell (12), and as observed in the present ED
pattern (see Figs. 6b and 7) exhibiting the doubled ¢ axis.
The transition temperature of T,(T!) does not vary with
the Cu content within experimental error, whereas the
latent heat of T,(T1} increases with decreasing Cu content,
that is, with increasing conduction carriers. This shows
that T,(T1) would have an origin concerned with conduc-
tion carriers. The plausible candidate for 7,(T)), therefore,
is the CDW transition which originates from the strong
electron—phonon interaction. This speculation is consis-
tent with the drop in x on cooling across this transition,
and with the additional satellite ED patterns, which re-
semble the patierns observed at the CDW transitions in
Nb;Te, (7, 23) and In,Nb,Te, (8). But the semiconductiv-
ity above T,(T1) may not be explained by this mechanism.
In addition, the band calculation for the present com-
pounds did not predict the CDW formation (12). Thus,
one cannot rule out the possibility that another mechanism
such as order—disorder transition is responsible for 7,.
The transition T5(A) is accompanied by the change from
semiconductive to metallic nature with decreasing tem-
perature, which is typically shown by the drastic decrease
of § values with decreasing temperature. Thus, this transi-
tion may be a metal-semiconductor transition (Mott tran-
sition) originating from strong electron correlation (24},
as was observed in the pyrite system Ni(8,_,Se,),, which
shows the semiconductor-to-metal transition with de-
creasing temperature (25, 26). The strong electron correla-
tion effects were observed in many transition metal chal-
cogenides through various physical methods, e.g.,
photoelectron spectroscopy for NiS (27) and NMR mea-
surements for V;5e, and VSeg (28). These measurements
may offer useful information on the electronic states in
the present compounds.

Summarizing the above considerations, the origin of
T,(A} is most likely the order—disorder transition, possi-
bly concerned with Cu2 atoms in the tetrahedral chains.
Although possible mechanisms were proposed for the ori-
gins of T,(A) and T;(A), there is no further corroborating
evidence. Further, the origins for the other transitions
are not clear. It 1s worth considering, thus, that atomic
orderings or atomic displacements may play an important
role in most of the transitions. More detailed analyses of
structure as a function of temperature are needed.

CONCLUSIONS

Quasi-one-dimensional sulfides ACu,S, (4 = Tl, K)
with (NH,)Cu,S, type structure and a new isotypic sulfide
RbCu,S, were successfully prepared. The structure con-
tains one-dimensional [Cu,S,] columns. The columns are
fused with double “*CuS,’’ tetrahedral chains, where the
Cu sites are ; empty. It was found that the relatively high
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conductivity is due to the presence of the vacancies of
Cu or T] atoms. Several phase transitions were observed
in the temperature range from 3 to 450 K, which have
characteristics common to all three compounds, and ex-
hibit a distinct correlation between structure and physical
properties. Such alarge variety of successive phase transi-
tions have not yet been found in other compounds. Two
types of satellite patterns were successively observed on
cooling in the electron diffraction measurements. The ori-
gin of T,(A) is most likely order-disordering of Cu2
atoms, but the origins of the other transitions are not
definitely clarified. 1t is important to perform more de-
tailed structural investigation, especially on the atomic
displacements of Cu2 atoms, through low-temperature X-
ray diffraction, Raman spectra, NMR studies, etc. Prepa-
ration of high quality single crystals is also important to
solve these problems.
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