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The ternary phase diagram of the TI-V-S system was investigated using samples quenched from
400°C, especially in the neighborhood of TIVSs and TIV;Sg phases. The TIVSg phase (T1,V,S,) exists
between 0.75 < x < 1.00 and 7.55 < y < 7.90, and the TIVS; phase (T1..VsS,) between 0.70 < x’ < 1.00
and 7.54 < y' < 7.98. A new ternary phase with the nominal composition of TIV,S, was found in
addition to the three known ternary phases. The entirely deintercalated V¢S;3 with the framework
structure was obtained by using 1 N AICl; + 0.01 N FeCl; aqueous solution, while the lower phase
limit of the TIVSg phase was Tl; 33 VsSs consistent with the earlier work. The electrical resistivity and
the magnetic susceptibility measurements show that these compounds are expected to be weakly

magnetic itinerant-electron systems.

Introduction

The ternary compounds TIVeSs and
TIVsSg were first prepared by Vlasse and
Fournés et al. (1—). TIV¢Sg has a hexago-
nal structure (space group P6;) isostruc-
tural with the Nb;Te,-type structure which
is constructed with VS¢ octahedra sharing
common faces and edges, forming the TI
containing hexagonal channels parallel to
the ¢ axis (1) (Fig. 1a). TIVsSg has a mono-
clinic symmetry with space group C2 (2).
This structure also is made up of VSg octa-
hedra joining common faces and edges with
the large rectangular channels along the b
axis into which are inserted the thallium at-
oms (Fig. 1b).

TIV¢Szs and TIVsSz have the following
common characteristics. (1) Both can be
described as channel compounds. The
guest cations in the lattice channels can be
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easily intercalated and deintercalated (5-
8). (2) Both have isolated vanadium-vana-
dium zigzag chains running parallel to the
crystalline axis (along the c axis in TIVSs,
and the b axis in T1V;Sg), which are respon-
sible for the high metallic and anisotropic
conductivity (1, 2).

There are some problems which remain
unsolved. No metallurgical study has yet
been done on these compounds, and thus
little is known about their stability ranges
so far. In addition, there is no report on the
preparation of the entirely deintercalated
VSs or V5Sg with the framework structure,
although it is of importance from the cry-
stallochemical point of view to obtain these
binary compounds which are not stable at
equilibrium. Fournés and Vlasse reported
that TIV¢Ss and T1V;Sg are both Pauli para-
magnetic metals (/—4). However, resistiv-
ity measurements have not yet been per-
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(@)

Fic. 1. Structures of TIV¢Ss (a) and TIVS; (b); cir-
cles indicate the positions of thallium atoms (Refs. (1,
2, 7).

formed in the low-temperature region
below 80 K.

The present investigation consists of
three parts. First, we performed the phase
study of the ternary T1-V-S system espe-
cially in the vicinity of TIVSg and THV;Ss,
and clarified the stability ranges of these
two compounds along with the phase rela-
tionships among their neighboring phases.
Second, we prepared the new binary com-
pound, V¢Sg, with the framework structure
of TIV¢Sg by means of the deintercalation
method. Third, we measured the tempera-
ture dependence of the magnetic suscepti-
bility (x) and the electrical resistivity (p) of
these compounds.

Experimental

Samples of the TI-V-S§ system were syn-
thesized directly from the elements. Start-
ing materials were treated in a drybox un-
der purified argon atmosphere. The
vacuum-sealed components in silica tubes
were slowly heated up to 1000°C during 12
days, kept at this temperature for 2 days,
and subsequently cooled down to room
temperature for 12 days. Samples thus ob-
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tained were annealed at the desired temper-
atures, followed by quenching into water.
The phase analysis was carried out mainly
by the powder X-ray diffraction method us-
ing CuKe radiation. Chemical composi-
tions of some representative compounds
were checked by both X-ray microanalysis
and chemical analysis. The chemical analy-
sis was carried out in the following man-
ners. Sulfur was analyzed by the wet
method by burning samples under oxygen
atmosphere, and absorbing the produced
SO, gas into H,O, aqueous solution. Thal-
lium was analyzed by converting the sam-
ples to TII by using KI solution. Vanadium
content was estimated from the sulfur and
the thallium contents. In the case of the de-
intercalated V¢Sg, the vanadium was ana-
lyzed directly by oxidizing the samples in
the air. Density measurements were carried
out by immersion method, using toluene.

The deintercalation of thallium in TIVSg
and TIVSg was accomplished with iodine
solution in acetonitrile or with 1 N AlCl;
aqueous solution. In the latter case, the de-
intercalation was carried out at the boiling
temperature of the solution in order to ac-
celerate the reaction. At the final stage of
reaction, the aqueous solution, 1 N AlICl; +
0.01 N FeCl; was used. Obtained deinterca-
lated samples were heated at 200°C under
vacuum in order to evaporate the free sul-
fur which was produced during the reaction
although the quantity was very small.

The possibility of oxygen uptake into the
lattice was excluded by the results of the X-
ray microanalysis and the chemical analy-
sis. This possibility was also excluded by
the magnetic susceptibility measurements,
because there was no indication of the
phase transition which could be observed in
the vanadium oxides.

Electrical resistivity measurements were
carried out by a dc four-probe method on
powdered pressed pellets from 2 to 280 K.
Magnetic  susceptibility measurements
were performed by a Faraday-type torsion
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balance and a pendulum magnetometer
from 4.2 to 290 K.

Results and Discussion

1. Phase Relations

Phase equilibria of the TI-V-S system in
the vicinity of TIV¢Sg and TI1V;sSg were in-
vestigated experimentally at 400°C, and
were summarized in an isothermal diagram
(Fig. 2). Selected representative data used
to define the assemblages are given in Table
I. On the V-S join, we observed the follow-
ing known binary phases: V, S,(tetragonal,
TisTes-type), VS(hexagonal, NiAs-type),
ViSi(monoclinic, Cr;Ss;-type), and V;sSg
(monoclinic, V;Sg-type). These results are
consistent with previous work on the bi-
nary V-S system (9, 10). On the TI-S join,
we observed only TI,S(hexagonal, anti-
Cdl,-type). This compound does not show
an appreciable nonstoichiometric range.
We did not find another known phase, TIS,
because of its low melting temperature
(274°C). The ternary phases whose exis-
tences are so far confirmed are TI;VS, (11),
TIV¢Ss, and TIVsSy (I-4). The present

n

Fi1G. 2. Partial ternary TI-V-S phase diagram at
400°C as determined from the study of quenched sam-
ples.
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TABLE I

SAMPLES COMPOSITIONS AND X-RAY
IDENTIFICATION OF PHASES PRESENT FOR THE
SAMPLES QUENCHED FROM 400°C

Bulk
composition

(at.%)
Phase detected at
room temperature

Rin ——M——
No. T V S

284 8.2 40.8 510 TIVeSs + VS + Tl

091 8.0 40.0 52.0 TIVS; + Tl

289 8.0 39.9 52.1 TIVeSs + TLS

245 6.7 403 53.0 TIVSg + TLVS,

294 7.8 392 53.0 TIVeSs + TIVsSs + TLVS,
21 6.3 41.5 522 TIVSs + VS

244 6.8 40.5 527 TIVSs

324 6.1 40.7 532 TIV,Ss + TIVsS

328 3.6 432 532  TIVSs + V,S,

339 0.4 436 560 V.S,

337 2.1 429 550  TIVeSs + TIVsSg + VS,
312 07 424 579  TIVSg + V,S,

257 0.1 384 615 VS,

258 0.4 38.3 61.3 TIV,Sg + VS

279 8.3 357 56.0 TIVS, + TLVS,

260 6.6 359 S7.5 TIVsSg + TIV,S,

214 10.0 33.3 56.7 TIVSg + TIV,S, + TLVS,
206 5.9 322 619 TIVsSg + TIV,S, + ViSg
145 37.5 12.5 50.0 TLVS,

524 14.0 279 S58.1 TIV,S,

533 7.5 30.0 62.5 TIV,S, + VS

527 13.0 26.1 60.9 TIV,S, + S

536 7.0 27.9 65.1 TIV,S,+ VsSg + S

457 222 22.2 55.6 TIV,S, + TLVS,

453 16.0 24.0 60.0 TIV,S, + TLVS, + S
375 38.7 13.3 48.0 TLVS, + TLS

372 40.0 10.0 50.0 TLVS, + TLS + S

528 9.8 292 61.0 TIV,S, + VS

study revealed their homogeneity ranges.
Ti;VS, has a relative wide stability range
which spreads toward less-thallium and
more-vanadium composition from the stoi-
chiometry. DTA measurements of this
compound showed the melting point at
500°C. TI1VSg as well as TIVsSg phase has
the rather wide variation in thallium con-
tent x, compared to the ratio V/S.

In the present investigation, we found the
new phase with the nominal composition of
TIV,S,4: (0 < x < 0.5). For convenience,
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we designate this phase as the TIV,S,
phase. This phase has the dark-purple color
and sometimes tiny thin crystals were
grown in the reaction tubes. The powder X-
ray diffraction pattern of this phase was in-
dexed hexagonal. The lattice parameters of
TIV,S, 7 were a = 3.219 A and ¢ = 8.10 x 2
A, which are well consistent with the
results of density measurements (dops =
5.00 g cm~3). DTA studies on this phase
showed the reversible phase transition to
the other new phase with hexagonal sym-
metry at 520°C. The lattice parameters of
the high-temperature phase were a = 3.296
A and ¢ = 8.02 x 2 A. This phase showed
the decomposition into T1V;Sg, TIVS,, and
T1,S at 760°C. These new phases seem to be
the intercalation compounds such as Tly sTa
S, (12). Using single crystals we are in the
progress of determining the structure of
these phases and details will be published
elsewhere.

Fournés and Vlasse have reported the
other new phase, TLV,Ss, which has
orthorhombic symmetry with the space
group C222, (3, 4). In the present investiga-
tion, we could not find it at the correspond-
ing composition above 450°C. This phase
would be stable at the lower temperatures.
However, the curious fact is that the X-ray
pattern of the present new phase TIV,S,.,
(x > 0.33) is very similar to that T, V,Ss
phase. These problems remain for the fu-
ture work.

The enlarged portions of the phase fields
of TIV¢Sg and TIV;Sg are shown in Fig. 3.
For the graphic presentation of the single-
phase regions, we chose the perfect V sub-
lattices (T1, V¢S, and TL-VsS,); this is simi-
lar to the method adopted for the Chevrel
compound Pb,MogSs-, (13). This presenta-
tion is quite reasonable in the present case
because our density measurements re-
vealed that both T1V¢Sg and T1V;sS; phases
have the sulfur vacancies, not the vana-
dium interstitials. The results of density
measurements for TIV¢Sg phase are as fol-
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F1G. 3. Phase fields of T1VSg and TIVSq phases as
determined from the samples quenched from 400°C.
The compositions of T, VS, and TL.VsS, are indi-
cated by the left-hand-side ordinate and the lower ab-
scissa, and by the right-hand-side ordinate and the up-
per abscissa, respectively.

lows; the observed density of V¢S;s with
the framework structure (preparation of
this compound will be described below) is
dos(V6S78) = 3.86 g cm~3, which is consis-
tent with the theoretical density with the
assumption that the compound contains
only the sulfur vacancies, dyeo(VsSs-02) =
3.862 = 0.002 g cm™3, while the theoretical
density with the assumption of the presence
of the vanadium interstitials only is
dineor(Ve+0.1598) = 3.961 = 0.002 g cm™3. The
results for TIV;S; phase are as follows; the
observed density of Tl; 4VsS7 is dops(Tl10Vs
S;8) = 4.93 g cm~? and the theoretical den-
sity with the assumption of the presence of
sulfur vacancies only is dieor(T1i.0V5S3-02)
= 4,928 = 0.004 g cm ™3,

The single-phase region of T1, VS, exists
between 0.75 < x < 1.00 and 7.55 < y <
7.90 (errors are |Ax| = 0.01 and |Ay| =
0.025). One of the notable results is that the
TIV¢Ss phase is not stable at the stoichio-
metric composition; the S/V ratio is as
much as 7.8/6.0, which implies this phase is
stabilized by the formation of sulfur vacan-
cies. Another feature worth mentioning is
that the stability range of this phase is re-
stricted in the rather high thallium content,
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in contrast with the results of Vlasse and
Fournés (0.50 < x < 0.85) (3) and with that
of Eckert ef al. (x = 0.61) (7). In the thal-
lium-rich portion of the system, TIV4Ss
phase coexists with Tl, TLS, and TI;VS,
phases; from the left- to the right-hand side
in this region, the following two- or three-
phase regions appear; TIV¢Sg + TI1, TIV4Sg
+ T1 + ThLS, TIVeSs + TLS, TIVeSs +
T13VS4 + les, and TlVeSg + T13VS4 On
the low-thallium side there are: two-phase
region TIVeSg + V;3S,, three-phase re-
gion TIVeSy + TIVsSy + ViS4, and
the single-phase region V;S,;. The TIVSg
phase coexists with VS on the sulfur-poor

TABLE II

THE X-RAY DIFFRACTION PATTERN OF THE
DEINTERCALATED V¢S4

hkl dobs(A) dcalc(A) I obs I calc
100 7.97 7.912 vs 100
110 4.594 4.568 VW 3
200 3.965 3.956 vw 2
101 3.054 3.049 w 15
210 2.994 2.990 w 8
300 2.639 2.637 w 8
201 2.540 2.536 w 14
220 2.284 2.284 vw 3
211 2.218 2.217 s 54
310 2.195 2.194 m 24
301 2.060 2.061 W 4
400 1.977 1.978 vw 3
21 1.879 1.879 m 30
410 1.726 1.727 w 8
002 1.653 1.652 w 10
321 1.590 1.591 w 20
500 1.581 1.582 vw 4
411 1.529 1.530 VW 2
420 1.495 1.495 vw 3
510 1.422 1.421 vw 4
331 1.382 1.383 vw 1
421 1.361 1.362 vw 4
312 1.320 7
600} 1.320 1319 w 2
511 1.305 1.305 vw 2
520 1.268 1.267 VW 1
610 1.207 1.207 vw 2

Note. Calculation is based on the TIVSg-type struc-
ture with the space group P6;.
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side and with TIVsS; on the sulfur-rich
side.

The TIVsSg phase has nearly the same
size of homogeneous area as the TIVSg
phase. The stability range of this phase lies
between 0.70 < x’ < 1.00 and 7.54 < y’' <
7.98 for TI,'VsS, (errors are |Ax'| = 0.05
and |Ay’| = 0.01). This phase also is not
stable at the stoichiometric composition.
The single-phase region spreads toward the
less-sulfur side from the stoichiometry. On
the thallium-rich side, the T1VsSg phase co-
exists with Tlvssg, T13VS4 and TleS4
phases; the following two- or three-phase
regions appear in this region: TIV¢Sg + T1V;
Ss + TIVSy, TIVsSg + TIVS,, and T1VSs
+ TIV,S4 + TI3VS,. In the low thallium por-
tion, there exist the following regions: T1V,
Sg + TIVSg + V3S,, TIVsSg + Vi3S, TIVSg
+ VsSg, and TIVSg + TIV,Ss + VsSg. No
three-phase region with any significant
width could be detected between the above
two-phase region, which may be related to
the absence of a two-phase region between
VsS4 and VsSg (9, 10). The TIVsSg phase
coexists with the TIV¢Sg phase at the low-
sulfur side, and with the T1V,S, phase at the
sulfur-rich side.

The phase boundaries of both TIV¢Sg and
TIV;S; phases were scarcely affected by
quenching temperatures up to 1000°C.

2. Deintercalation

2.1. TIVeSg phase. Schollhorn removed
the thallium ions from TlgsV¢Ss by the topo-
tactic anodic oxidation process, and ob-
tained the metastable phase with the thal-
lium content ranging down to x = 0.17 (7).
In the present investigation, we could pre-
pare the entirely deintercalated VgS73 by
using the AICl; + FeCl; aqueous solution as
described before. V¢S;s thus obtained is
very stable in the air, and shows a sharp X-
ray pattern. In Table II, the powder X-ray
pattern of V¢S7s is compared with the cal-
culation based on the TIV4Sg-type structure
with the space group P6;. The good coinci-
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dence between the observation and the cal-
culation indicates the V-S framework re-
mains unchanged during the deintercalation
process. Figure 4 shows the variation of lat-
tice parameters with the thallium concen-
tration for T1,VeS;s system. The lattice
constant a decreases continuously with de-
creasing thallium content, while ¢ slightly
increases with decreasing thallium content.
The contraction of the unit cell volume is
1.3%. DTA measurements of V¢S, s showed
a broad exothermic irreversible transition
at around 700°C. The X-ray diffraction pat-
tern of samples quenched from above the
transition temperature was identical with
that of V3S, with the Cr;S4-type structure.

2.2. TIVsSg phase. Schollhorn et al. ob-
tained the nonstoichiometric TL,VsSg with
the lower phase limit of Tl;3V;S; either by
galvanostatic oxidation or by chemical oxi-
dation with 1 M aqueous FeCl; solution (6,
8). From the 2°T] and 'V NMR data, they
observed a unique behavior in this com-
pound; in the course of oxidation the
charge of the host lattice remains constant,
while the charge of T1 ions is changed from
TI'* in TIH(VsSg)~! to TBY in (TP)4(Vs
Sg)!-. The lower limit of the thallium con-
tent in the present work is consistent with
their results. Figure 5 shows the thallium
concentration dependence of lattice param-
eters of T1,VsS;s. The lattice constants a,
b, and ¢ continuously decrease with de-
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F1G. 4. The x dependence of lattice parameters for
the deintercalated T1,V¢S,5.
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F1G. 5. The x dependence of lattice parameters for
the deintercalated T1, VS, 3.

creasing thallium content in the range of
0.33 = x = 1.0, while the angle 8 is nearly
constant with x. The ratios ¢/a and ¢/b also
are scarcely variable with x. These results
imply that the T, V;sSg lattice contracts
without distortion during the deintercala-
tion. The continued deintercalation beyond
x = 0.33 lead to the appearance of the addi-
tional phase of VsSs.

3. Electrical and Magnetic Properties

The observed temperature dependence
of the relative resistivity p'(p(T)/p(280 K))
of T11,0V6S7_8 and T11.0V5S7.8 is shown in Flg
6. In both compounds the resistivity shows
the metallic behavior without any anomaly
in the measured temperature range from 2
to 280 K. It should be noted that the p’'-T
curve of both compounds is not of the nor-
mal metallic behavior; i.e., p’ gradually in-
creases with temperature at the low-tem-
perature region, and then sharply increases
up to about 100 K, followed by the ten-
dency of saturation in the high-temperature
region. This temperature dependence of p’
iIs quite similar to that reported by Bron-
sema et al. for Ky 5VsSg which is isostruc-
tural with TIV;Ss (14).
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F1G. 6. Temperature dependence of the relative
electrical resistivity p’(p(T)/p(280 K)) of powered
pressed pellets of Tl (V¢S7s and Tl (VsS; 5. The inset
gives a T? dependence of the relative electrical resis-
tivity.

The inset gives the T? dependence of p’
for both compounds; p’ is proportional to
T? below about 45 K and below about 35 K
for T1, VeS75 and Tl (VsS75, respectively.
It is well known that T? dependence of p at
low temperatures is observed in metallic
compounds with highly correlated electron
systems (15). In the present case, we can
roughly estimate the coefficient of the 7?
term (we designate this term as A) to be
1.33 x 107'and 5.2 X 1072 w4 Q cm K2 for
Tl 0VeS7s and TI;4VsS7s, respectively.
These values are of the same order as those
of the well-known itinerant magnetic com-
pounds such as ZrZn, (16), ScsIn (17), V,0,
(18, 19) (for these compounds A ~ 5 X 1072
©wQcm K2,

In Fig. 7 are given the temperature de-
pendence of the magnetic susceptibility (x)
of Tle6S7,8 (x = 0, 10) and T11_0V5S7_3. Tll,o
VeS73 shows the temperature-independent
Pauli paramagnetic behavior, consistent
with the resuits of Vlasse and Fourneés (/).
The Curie~Weiss-like dependence at low

OHTANI AND ONQUE

temperatures may be due to the presence of
magnetic impurities. Measurements in the
high-temperature range up to 500 K did not
show any anomaly except the slight in-
crease with temperature. The V¢S;g also
shows a Pauli paramagnetic behavior es-
sentially similar to Tl; ¢V¢S7 5. The tempera-
ture dependence of x of Tl 4VsS;s can be
fitted to the Curie-Weiss law

R Sl
X = Xo T— 8’

where xp, C, and 0 are a temperature-inde-
pendent term, a Curie constant, and a
Weiss constant, respectively. Obtained
magnetic parameters are as follows: xo =
1.40 x 1073 emu/mole (1.97 X 10-% emu/g),
C =9.48 x 10~ 2emu - K/mole (1.34 x 10+
emu - K/g), Pg = 0.39 up/mag + atom, and

= —32 K. The high value of x, may sug-
gest the presence of strong electron correla-
tion effects in this compound.

As a result, the present measurements of
p and x suggest that T1, VS, and T1,VsS;;
are the itinerant magnetic metals.
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FiG. 7. Temperature dependence of the magnetic
susceptibility of T, V¢S, (x = 0, 1.0) and T1, ,V5Ss.
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