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Abstract—The electrical resistance ρ and thermopower S of the (PbS)0.59TiS2 single-crystal compound with
mismatched layers and the TiS2 crystals have been investigated at room temperature in high-pressure chambers
with synthetic diamond dies. The decrease in ρ and |S| observed in (PbS)0.59TiS2 under the pressure P ≈ 2 GPa
is associated with the structural transformation of PbS from the cubic phase into the orthorhombic phase. The
jumps of ρ and |S| are presumably caused by the increase in the electron concentration in the TiS2 layers. For
P ≥ 4 GPa, at which the gap is absent in the electronic spectrum of TiS2, a decrease in ρ(P) is observed for the
(PbS)0.59TiS2 samples. © 2000 MAIK “Nauka/Interperiodica”.
Layered transition-metal dichalcogenides and their
intercalates are promising materials for electronics.
This explains considerable interest in studies of their
properties [1–4]. The (PbS)0.59TiS2 crystals, which
belong to these materials, consist of PbS and (TiS2–
TiS2) alternating layers (Fig. 1) and can be considered
as an intercalation of PbS into TiS2 [1, 2]. The PbS lat-
tice is distorted in the plane of layers as compared to the
bulk crystal, which has the structure of a rock salt (a =
5.936 Å), and TiS2 practically retains the structure of
the bulk material (Fig. 1) [2]. The parameters of PbS
and TiS2 lattices coincide along the b axis (b =
5.783 Å), whereas in the perpendicular direction a,
they are incommensurate: a = 5.761 Å for PbS and a =
3.390 Å for TiS2 [1, 2]. Each layer of TiS2 has a “sand-
wich” structure, in which Ti atoms are located between
two interlayers of sulfur atoms (Fig. 1); as in the TiS2
crystal, the layers are linked together by a weak van der
Waals interaction [1–3].

A strong anisotropy of the electrical and mechanical
properties is observed in the (PbS)0.59TiS2 crystals in
the (ab) plane and in the perpendicular direction c [1,
2], as well as in the commensurate (b) and incommen-
surate (a) directions [4]. Since these crystals consist of
mismatched layers, one can expect unusual behavior of
the properties under the hydrostatic compression. The
aim of this work was to study the influence of pressure
P on the electrical resistance ρ and thermopower S of
the (PbS)0.59TiS2 crystals. For comparison, similar stud-
ies were carried out on TiS2 crystals, which exhibit sim-
ilar temperature dependences of ρ and S along the plane
(ab) of the layers at atmospheric pressure [1, 2].

The measurements were performed in high-pressure
chambers with dies made of a BK6 hard alloy (up to
8 GPa) [5] and synthetic diamond (up to 30 GPa), in
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several cycles of the increase and decrease in P [6–8].
The values of P in a pressure-transferring medium
(pyrophyllite, catlinite) were estimated from the cali-
brated dependences, which were drawn according to
the phase transitions in the reference species (Bi, GaP,
etc.) [6–8]. The (PbS)0.59TiS2 single crystals (~15 ×
1.0 × 0.01 mm in size) were grown by the method of
gas-transport reaction with a slight excess of sulfur as a
carrier [4]. The lattice parameters of samples coincided
with those given in [2]. The initial batch contained Pb
(99.9%), S (99.99%), and TiS2 powder in the ratio
0.59 : 0.59 : 1 [4]. The electron concentration deter-
mined from the Hall effect in the temperature range T =
77–350 K was n = 3 × 1021 cm–3.

The samples in the form of plates ~0.5 × 0.2 ×
0.01 mm in size were placed in an orifice with a diam-
eter of 0.3 mm in a container made of catlinite (dia-
mond chamber) or pyrophyllite (hard-alloy chamber
[5]) at an angle to the plane of dies, which served as
heaters and coolers in the thermopower measurements
[6, 7]. The clamping electrical probes were the Pt–Ag
ribbons 5 µm thick. The geometry of the experiments
actually corresponded to the measurements of ρ and S
along the (ab) plane. The relative errors in measure-
ments of ρ and S (without regard for the change in the
sample shape under compression) were ~5 and ~20%,
respectively [4, 5].

The pressure dependences of ρ and S for each of the
studied materials, which were measured in diamond
and hard-alloy chambers, qualitatively coincide
(Figs. 2a, 2b; the data on ρ(P) are presented only for the
hard-alloy chamber). The drop of ρ and |S| is observed
in the (PbS)0.59TiS2 sample at P ≈ 2 GPa, and one more
decay, at P ≥ 4 GPa. The dependences ρ(P) and S(P) for
TiS2 samples have no anomalies (Fig. 2). In [9], TiS2
000 MAIK “Nauka/Interperiodica”
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samples with the low electron concentration n <
1021 cm–3 near P = 4–5 GPa showed the same decay of
ρ as for the (PbS)0.59TiS2 crystal.

The sharp changes in ρ and S for (PbS)0.59TiS2 crys-
tals can be induced by the phase transformations in PbS
and TiS2 layers. In bulk TiS2 at P up to 9 GPa, the struc-
tural transformations were not established [9–11]; PbS
under a pressure of 2.5 GPa transforms from the phase
with a NaCl structure into the orthorhombic phase with
the parameters a = 11.28 Å, b = 3.98 Å, and c = 4.21 Å
[12–14], and at 21.5 GPa, PbS transforms into the
phase with a bcc CsCl structure [15]. Thus, the jumps
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Fig. 1. Projection of the (PbS)0.59TiS2 crystal structure
along the [100] axis [2]. The unit cell is shown by the dashed
line. Solid lines represent the bonds in PbS and TiS2 layers,
and dotted lines are the bonds between these layers. Rhombs
designate the positions of octahedral holes. Dark symbols
correspond to the positions of atoms in the figure plane, and
open symbols, to the positions of atoms in the lower-lying
plane.
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of ρ and S in (PbS)0.59TiS2 at ~2 GPa can be connected
with the phase transition in the PbS layers. Simulta-
neous decays of ρ and S in the (PbS)0.59TiS2 crystals
upon structural transformations in the PbS layers show
that the conduction electron concentration increases.
This can be due to an increase in the content of Ti atoms
(which supply electrons in the conduction band [1, 2,
9]) in the van der Waals gap between TiS2 layers.
Indeed, at a high sulfur pressure, there is a tendency
toward the transition TiS2  TiS3 [16]. The electron
concentration can also change by “readjusting” the TiS2

lattice to PbS due to matching of the layers [1, 2, 15].
Note that the identation of similar (PbS)0.59TiS2 sam-
ples led to a strong residual deformation along the
incommensurable direction [4], which could be a con-
sequence of structural transitions in the PbS layers
upon penetration of a diamond indenter [17, 18].

The drop of ρ in (PbS)0.59TiS2 at P > 4 GPa (Fig. 2)
can be related to the semiconductor–semimetal transi-
tion in TiS2 layers, which was predicted by the calcula-
tions of electronic structure [10] and experimentally
observed in dependences of ρ(P) and S(P) [9]. Accord-
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Fig. 2. Dependences of (a) the resistance and (a, b) the ther-
mopower on pressure for (PbS)0.59TiS2 and TiS2 crystals
along the plane of layers at T = 293 K. Measurements are
made in (a) a hard-alloy chamber and (b) a diamond chamber.
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ing to the x-ray data [10], the pressure results in the
compression of interlayers between TiS2 layers and in
the thickening of the layers themselves (Fig. 1). This
corresponds to an increase in the charge density
between the layers and the strengthening of the bonds
between sulfur atoms [10]. According to the calcula-
tions made in [10] for P = 6–8 GPa, the conduction
band of TiS2 overlaps with the valence band. The elec-
tronic structures of TiS2 and (PbS)0.59TiS2 in the model
of weakly interacting layers likely are similar [19, 20].

ACKNOWLEDGMENTS
We are grateful to B.N. Goshchitskiœ for his interest

in our work.
This work was supported by the Russian Foundation

for Basic Research (project no. 98-03-32656) and the
State Program of Support for Leading Scientific
Schools of the Russian Federation (project no. 96-15-
96515).

REFERENCES
1. G. A. Wiegers and A. Meerschaut, Mater. Sci. Forum

100–101 (2), 1 (1992).
2. A. Meerschaut, C. Auriel, and J. Rouxel, J. Alloys

Compd. 183, 129 (1992).
3. H. Negishi, S. Ohara, and M. Inoue, Phys. Status Solidi

B 151, 441 (1989).
4. P. Panfilov, Yu. L. Gagarin, and A. N. Titov, J. Mater. Sci.

Lett. 17, 1049 (1998).
5. L. G. Khvostantsev, L. F. Vereshchagin, and N. M. Uli-

yanitskaya, High Temp.–High Pressures 5 (3), 261
(1973).

6. I. M. Tsidil’kovskiœ, V. V. Shchennikov, and N. G. Gluz-
man, Fiz. Tekh. Poluprovodn. (Leningrad) 17, 958
(1983) [Sov. Phys. Semicond. 17, 604 (1983)].
P

7. V. V. Shchennikov and A. V. Bahzenov, Rev. High Pres-
sure Sci. Technol. 6, 657 (1997).

8. V. V. Shchennikov, A. Yu. Derevskov, and V. A. Smirnov,
in Proceedings of the 5th International Symposium on
Diamond Materials, 1997, Ed. by J. L. Davidson et al.
(Electrochem. Soc., Pennington, 1998), Vol. 97–32,
p. 597.

9. P. C. Klipstein and R. H. Friend, J. Phys. C 17, 2713
(1984).

10. D. R. Allan, A. A. Kelsey, S. J. Clark, et al., Phys. Rev.
B 57, 5106 (1998).

11. G. V. Lashkarev, A. V. Brodovoœ, M. V. Radchenko, et al.,
Fiz. Tverd. Tela (Leningrad) 32, 980 (1990) [Sov. Phys.
Solid State 32, 577 (1990)].

12. G. A. Samara and H. G. Drickamer, J. Chem. Phys. 37,
1159 (1962).

13. A. A. Semerchan, N. N. Kuzin, L. N. Drozdova, et al.,
Dokl. Akad. Nauk SSSR 152, 1079 (1963) [Sov. Phys.
Dokl. 8, 982 (1963)].

14. N. B. Brandt, D. V. Gitsu, N. S. Popovich, et al., Fiz.
Tekh. Poluprovodn. (Leningrad) 10 (1), 194 (1976) [Sov.
Phys. Semicond. 10, 117 (1976)].

15. T. Chattopadhyay, A. Werner, and H. G. Schnering, Mat.
Res. Soc. Symp. Proc. 22 (3), 93 (1984).

16. K. Oshima, M. Yokoyama, H. Hinode, et al., J. Solid
State Chem. 65, 392 (1986).

17. I. V. Gridneva, Yu. V. Milman, and V. I. Trefilov, Phys.
Status Solidi A 14 (1), 177 (1972).

18. G. M. Pharr, W. C. Oliver, and D. S. Harding, J. Mater.
Res. 6, 1129 (1991).

19. Yu. M. Yarmoshenko, V. A. Trofimova, S. N. Shamin,
et al., J. Phys.: Condens. Matter 6, 3993 (1994).

20. V. A. Kul’bachinskiœ, Two-Dimensional, One-Dimen-
sional, and Zero-Dimensional Structures and Superlat-
tices (Mosk. Gos. Univ., Moscow, 1998). 

Translated by T. Galkina
HYSICS OF THE SOLID STATE      Vol. 42      No. 7      2000


