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1. INTRODUCTION

MOST of the transition metals of groups IV—VIII (Cr,
Vv, Ti, Zr, Hf, Nb, Ta, Mo, W, Re, Th, U) form com-
pounds with sulfur, selenium, and tellurium having the
composition MX, (dichalcogenides), where M is one of
the metals and X is a chalcogen.

Certain compounds of this type, namely the disul-
fides and diselenides of the metals W, Mo, Nb, and Ta,
as well as Mo ditelluride, have recently attracted the
attention of many researchers in physics and materials
science. All these compounds have layer structures
close to ideal and good antifriction properties, while
some of them have good thermoelectric properties,
show superconductivity at relatively high temperatures,
and possibly possess a non-phonon mechanism of
transition to the superconducting state. Among these
compounds only MoS. (molybdenite), and in small
amounts WS;, occur in the Earth’s crust, and have been
known for a long time. The rest of the compounds have
been synthesized mainly in the last decade, and are
being studied very intensively.

In spite of the fact that the structure and properties
of these compounds have not at all been studied fully,
some of them have found application as elements of
sliding electrical contacts and thermoelectric sources,
as they have made a quite considerable technical im-
pact.

There are several reviews on the structure,!*
electrical and optical properties,!*! antifriction proper-
ties!®") and chemical and galvanomagnetic!® proper-
ties of these compounds. However, none of these re-
views includes all of the studied properties of the
dichalcogenides, and most of them were written rather
long ago, and they do not contain the results from
1965—1970.

2. CRYSTAL STRUCTURE

Table I gives the structures of the valence shells of
W, Mo, Nb, Ta, S, and Se, the ionic radii of the quad-
ruply-ionized metals and the doubly-ionized chalcogens,
and also the covalent radii of the latter.[® 2]
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41Nb 1200 188
4d45s 4d55s 3523 pt
4+, 0.67A 4+, 0.684 2-, 1 824; K, 1.04A
3Ta W 31Ge
543652 4652 4s%pr
4%, 0 67A 4% 0688 |2- 1.934: K, 1.174A

However, these electronic configurations are dis-
putable. Thus, a number of researchers consider Mo
to have the configuration 4d*5s5p (1%

Also, Huiltgren!'® and Kimball™) have started with
ideas of the directed-valence theory!'®! and have ap-
plied group theory to predict a coordination number of
six for the electronic configurations d*sp and d° of
the metal atom. When bonding is covalent, they pre-
dicted either an octahedral or a trigonal-prismatic
coordination by the metalloid atoms. Such a coordina-
tion is not predicted for the configurations d‘s, d’s?
and d%?°. Nevertheless, all of the currently known
disulfides and diselenides of W, Mo, Nb, and Ta have
structures composed of layers made of trigonal prisms
or octahedra with the metal atoms lying at their cen-
ters (Fig. 1). Here the chalcogen atoms lying in two
adjacent layers that are not separated by metal atoms
are arranged according to the principle of closest
packing of spheres. One of these structures (natural
molybdenite MoS.) was solved for the first time in['®?%,
In the MoS; crystal, each Mo atom is surrounded by
six sulfur atoms at the vertices of a trigonal prism.
The prisms in adjacent layers having Mo atoms at
their centers are in antiparallel orientations, and they
are arranged so that Mo atoms lie above and below
sulfur atoms (Fig. 2). In this structure every third
layer repeats the first, and the unit cell consists of
two Mo atoms and four S atoms. This structure be-
longs to the hexagonal system.

We can imagine two other physically non-equivalent
ways of arranging adjacent layers in which the unit cell
involves two layers: their orientation can be anti-
parallel, with the prisms having metal atoms at their
centers arranged so that the same atoms always lie
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FIG. 1. Subcells of layer structures
having octahedral (a) and trigonal- [
prismatic (b) coordination by the
chalcogen atoms.
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FIG. 2. Different variants of structures having a repeat period of
two layers. View on the (0001) plane. Circles are chalcogen atoms. The
cross-hatched or black triangles are faces of prisms having metal atoms
at their centers.

Table II

Sequence of layers Space group Structure type
AbABaeB Dy, — Pby/mme 2H-MoSs,
AbACHC Diy,— Pbg/mme 2H-NbS,
AbACaC D), —Pb/m2 2T (b)-NbyiSe,
AbC D} ,— P3mi CA{OH),
AbABcBCaC c$,—R3m 3R-MoS,
AYABcBAbACaC P6m2 411-NbSe,
AbABcBAcACHC P3mi 411 (¢)-TaSes
AcBAcABcARcB D), — Pbg/mmc 4H (b)-TaSe,
AbCAcABcABaBCaBCUC | £y, — R3m 6H-TaS,
AbACHCBcBAcACaCBaB Déh — P63/ mme 6IT-Tay, 1S,
AeBCbABaC D3, —R3m cdcl,

above and below the metal; or the orientation of the
prisms can be parallel (see Fig. 2). If we denote the
possible positions of the centers of chalcogens by A,
B, and C and the centers of the metal atoms by a, b,
and c, then these structures can be symbolized as
shown in Table II.

Models of the structure have been constructed
theoretically in'?*"**] in which the unit cell consists of
up to six layers. Here account was taken of the possi-

ble existence of both trigonal-prismatic and octahedral

coordination. In"***?] they did not take account of the

principle of homogeneity of the structure. As structure

analysis of some of the dichalcogenides (Nb and Ta)
has shown, such structures actually exist. Table II
gives a list of the alternation of layers in these struc-

tures, and Fig. 3 shows cross-sections of the unit cells
in the 1120 plane. Within the layers of these structures,
which amount to two-dimensional molecules, the bonds

are strong and they approach valence bonds in their
nature. The layers are bonded to one another by weak

van der Waals forces that decline rapidly with distance.

Therefore, the layers slide past one another very

FIG. 3. Cross-sections in the 1120 plane of elementary layer struc-
tures of different types: 2H(b)-NbSe, (a); 2H-NbS, (b); CdI, (c);
2H-MoS, (d); 3R-MoS, (e); 4H-NbSe, (f); 4H(c)-TaSe, (g); 4H(b)-TaSe,
(h); and 6H-Ta$; (i).

FIG. 4. Layer-stacking errors caused by an edge dislocation in a
structure having antiparallel orientation of the trigonal prisms in adja-
cent layers (a), and in a structure having parallel orientation of prisms

(b).

easily. For the same reason, structures that differ only
in their layer sequences have almost the same internal
energy. This gives rise to stacking defects of the
layers during crystallization of the compounds when-
ever this is favorable from the standpoint of kinetics

of crystal growth. Existence of these defects makes
the lines diffuse that have h — k = 3n (with respect to
the hexagonal axes). Owing to the high concentration of
defects and their small width, this diffuseness is always
quite substantial (up to several degrees). During growth
of crystals having antiparallel packing of consecutive
layers, the stacking defects are introduced by disloca-
tions having a Burgers vector equal to the thickness of
the layer (Fig. 4a). Such errors cannot be eliminated
without complete recrystallization of the structure.
Consequently, the stacking errors and hence also the
line broadening are not eliminated by annealing. In
structures having a parallel orientation of layers, the
stacking errors can be eliminated either by migration
(in Cd{OH).-type structures) or splitting (in 3R-MoS;-
type structures) of dislocations (Fig. 4b). This occurs
when specimens are held at temperatures of the order
of 800—1000°C.'**

A particular dichalcogenide can occur is several
modifications. If the numbers of layers per unit cell
are the same, the lattice periods are also almost iden-
tical. Then the x-ray diffraction patterns from different
modifications differ only in the intensity relations of
the diffraction lines. The intensity relations calculated
for different models of a structure in'**** and other
studies usually differ from the experimentally-observed
values by no more than 10—15%.

The composition of the compounds of Mo, W, Nb,
and Ta can differ somewhat from the stoichiometric
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Table III
N X-X,M—X, -
Compound ¢, A a & |ema ac T3 3 Re‘;fce;
2H-MoS, 12.205 | 3.4604 | 1.945 | 3.47 | 2.41 | e
3R-MoS, 18.41 3.166 | 1,936 |3.50 | 2.41| 2
2H-WS, 12.362 | 3.154 | 1.960 n
3R-WS, 18.501 | 3.162 | 1.950 a
2H-NbS, 11.891 | 3.310 | 1.796 2.47 | 32
3R-NbS, 17.901 | 3.310 | 1.783 32
1H-TaS, 5.86 3.346 | 1.751 25
2H-TaS, 12.10 3.315 | 1.826 25
3R-Ta$, 17.90 3.32 1,797 25
6H-TaS, 35.85 | 3.335 | 1.792 25
2H-MoSe, 12.931 | 3.288 1.962 [ 3.75(2.49 | 7
3R-MoSe, 19.392 | 3.292 | 1.963 7
2H-WSe, 12.976 | 32.86 1.974 “
2H-NbSe, 12.55 3.450 | 1.822 |3.52|2.60( 2
2H(b)-Nby5Se, 12.58 3.454 | 1.82t 80
4H-NbSe, 25.24% 3.440 | 1.835 | 3.55|2.60| 2
3R-NbSe, 18.88 3.450 | 1.824 | 3.54|2.59 | 2t
1H-TaSe, 6.272 | 3.477 | 1.804 8
2H-TaSe, 12.696 | 3.436 | 1.847 88
3R-TaSe, 19.177 | 3.435 1.861 68
4H(a)-TaSe, 25.399 | 3.436 | 1.848 88
4H(5)-TaSe, 25.143 | 3.457 1.818 68
4H(c)-TaSe, 25.32 3,450 1.835 2
6H-TaSe, 37.83 3.456 1.832 58
2H(b)-Tay xSe, 12,62 3.442 1.833 80

MZX. in the direction of increased metal content. The
excess metal atoms lie between the layers in octahedral
holes, as indicated by the crosses in Fig. 3. This in-
creases the period along the ¢ axis while the a-axis
period remains almost invariant.

We note that similar layer structures are obtained
also with octahedral coordination by the chalcogen
atoms (Cd(OH). and CdCl:-type structures). This
amounts to closest packing of these atoms.!*® In a
number of cases (e.g., TaS;), calculation of the intensi-
ties of the diffraction lines for this model of the struc-
ture gives the same results as for the model with
trigonal-prismatic coordination.®! However, the
ratio ¢/a must be a multiple of 1.633 for the octahedral
model, rather than 1.816,/%*) as is the case for trigonal
coordination, and as is observed experimentally. While
the first systematic studies of the synthetic dichalco-
nides of W, Mo, Nb, and Ta date back to the middle
fifties, the number of these studies is rather extensive.

Table III summarizes the crystal-chemical charac-
teristics of most of the studied disulfides and disele-
nides of W, Mo, Nb, and Ta.

The synthetic MoS; obtained inf*!) had a structure
different from the structure 2H-MoS. characteristic
of natural molybdenite. The authors of!®!! erroneously
assigned this structure to the space group R3m (the
CdCl; type) with octahedral coordination by the sulfur
atoms.

However, it was shown in!*"+**) that the intensity re-
lations of the diffraction lines for this MoS: do not
correspond to the space group R3m, but to the group
R3m, in which the sulfur atoms lie at the corners of
trigonal prisms.

Later, MoS: with this structure was found also in
natural deposits of molybdenite.!**»**] Molybdenum
disulfide is a compound of variable composition with a
narrow homogeneity range, which has not been studied
in detail [*%%¢]

Compounds MoxRe,-xS:2/*"} are known that have the
R3m structure. The fraction of molybdenum atoms re-
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FIG. 5. X-ray diffraction pattern of the compound Wg_g,Nby_ 33 Se,.

placed by rhenium in these compounds was as much as
15 atom percent.

We have established” that in MoS; (as well as in
WS:) one can replace up to 50 atom percent of the Mo
(or W) atoms by Nb or Ta atoms without changing the
structure type. However, this produces a large num-
ber of stacking defects, and causes the corresponding
reflections on the X-ray diffraction patterns to be
highly diffuse.

Just like MoS., WS, is found in the Earth’s crust,
although it is considerably rarer.!®! WS, has also been
prepared synthetically.[® %% WS, is isostructural with
MoS;, and is known both in a modification of the type of
2H-MoS; and of type 3R-MoS,.[*!+%™] WS, also has a
narrow homogeneity range on the side of metal excess
excess.[*¥

Tungsten diselenide is known only in a modification
of the 2H-MoS; type;’*®) WSe, is a compound of prac-
tically strict stoichiometric composition.'****] One can
replace up to 45 atom percent of the W atoms in WSe:
with niobium or tantalum atoms without changing the
type of crystal structure.'*647) However, a large num-
ber of layer-stacking errors are produced in the quasi-
binary alloys, just as in WS,. This makes the corre-
sponding lines in the x-ray diffraction patterns very
diffuse (Fig. 5).

Molybdenum diselenide was first obtained in a modi-
fication isostructural with 2H-MoS,.[*®]

MoSe; is known in a modification of the 3R-MoS,
type,[*®! which was obtained from 2H-MoSe; by heating
the latter to 1500°C under 40 kbar pressure.

As with WSe;, no homogeneity interval was found for
this compound.'®"

In MoSe:, one can also replace up to 40—45% of the
Mo atoms with Nb or Ta atoms without changing the
crystal-structure type. As in the previous cases, a
considerable number of layer-stacking errors are pro-
duced here in the crystals of the quasibinary alloys.

The quasibinary system WSe,-MoSe. is a system or
unrestricted solubility, and in this system also part of
the W and Mo atoms can be replaced with Nb or Ta
atoms without changing the structure type.'*"]

The sulfides of niobium were first described in[%*1,
A systematic study of the niobium disolfides on a
modern level has been made in!****!, Niobium disulfide
can crystallize in a two-layer structure having an anti-
parallel orientation of trigonal prisms that differs
from 2H-MoS; in the order of filling of the trigonal
prisms by metal atoms (see Fig. 3 and Table II). NbS,
is also known with a structure like 3R-MoS;.

NbS. has a very broad region of homogeneity on the
side of increased metal content. The compounds

DEngineers E. P. Gladchenko and A. A. Golubnichaya participated
in the experimental part of this work.
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Nb,.xS» have a layered trigonal-prismatic structure up
to x = 0.5. The ¢ period increases with increasing x,
while the a period does not vary. If 0.3 <x =

0.43, then the structure is preferentially of the 2H-NbS,
type, but of the 3R-MoS; type for other values of x. An
NiAs-type structure is observed in the compounds with
0.5 = x =< 0.7.1%% The most stable compound is
NbS,,e.

Tantalum disulfide was first described in*! and
the first structural studies were performed in{**!, The
polymorphism of TaS, (5 modifications) was first de-
scribed in[so], and the structures of these modifications
were solved correctly in'®), Ta$; can exist in a modi-
fication having a Cd(OH).-type structure with octa-
hedral coordination by the sulfur atoms, in modifica-
tions of the 2H-NbS,, 3R-MoS,, and 6H-TaS, types
(see Fig. 3 and Table II), and also with disordered
stacking of layers.

TaS. is a compound of variable composition. The
phases Ta,.xS, occur in the same modifications as
TaS,, except for the modification having the Cd(OH),-
type structure, which goes over into the 2H-NbS, type
with increasing metal content.[°®) The homogeneity
region of the Ta xS, phases extends to the composi-
tion TaS,.s.

Niobium diselenide was first studied in detail in'*"},
where a structure of the 2H-MoS; type was erroneously
assigned to it. A competent study of the structure of
NbSe, was made in(®%°®), NbSe, is known in three
modifications of the 2H-NbS,, 3R-MoS., and 4H-NbSe,
types. With a small deviation from stoichiometry (about
the composition Nb, osSz), there is a fourth modification
having a two-layer hexagonal structure. It is denoted
in Table IT by 2H(b)-Nb,xSe.. The phase having the
3R-MoS; structure can also be obtained with a certain
excess of metal. The 4H-NbSe, structure is the equili-
brium phase for the stoichiometric diselenide at 850—
1000°C. At lower temperatures, the equilibrium phase
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is that with the 2H-NbS, structure.l®®) The high-
temperature phase can be quenched to room tempera-
ture, where the transformation proceeds slowly.

With a very small excess of metal, the 4H-NbSe.
phase becomes stable at low temperatures.t® %!

Specimens of compositions close to stoichiometric
usually consist of a mixture of all the cited phases.
NbSe, has a broad homogeneity range of the layered
structure from the diselenide to the composition NbzSes,
at which point a transition occurs to a monoclinic
phase.’® From the composition Nb,.,;Se, up to Nb:Ses,
the niobium selenides have a single-phase structure of
the 2H-Nb,xS: type.'®®) Table IV gives the relative
intensities of the lines in x-ray diffraction patterns of
NbSe,, as compiled from the data of{®®:%],

In NbSe:, up to 15% of the Nb atoms can be replaced
by W atoms. Here the 2H-NbS,-type structure does not
undergo changes, and stacking errors are not intro-
duced into the structure in appreciable amount. The
alloys NbSe,—WSe; containing 20—50 mole percent
WSe; have the 3R~-MoS; structure, the only structure
found in the dichalcogenides of both W and Mo, as well
as Nb and Ta.l*®]

The compounds of Ta with Se have also been
studied in[®* where they drew the false conclusion that
the homogeneity region of TaSe, extends as far as
TaSe. Two modifications of TaSe, were found in[®:
they are both hexagonal, being one-layered and six-
layered (B8-TaSe; and 5-TaSe;).

Systematic studies of the structures of the disele-
nides of Tal®® 65,6851 haye shown that TaSe, can
exist in eight modifications: the Cd(OH). type, the
2H-NbS; type, the 3R-MoS: type, the 4H-NbSe: type,
4H(b)-TaSe,, 4H(c)-TaSe,, the 6H-TaS, type, and
2H(b)-Nb.xSe; (see Table II and Fig. 3).

Table IV gives the relative intensities of the lines in
the lines in the x-ray diffraction patterns of these
phases, as compiled from the results of (285869691

Table IV. Intensities of powder lines for various
polytypes (except for the 000! line); CuKa radiation

o =
[77)
* % g g g
als sl e & a|la | o A % % 5;
=182 5 LR g e e g
Z1s|2)2) & |Els|E] 3 s [z & |2
FRERERERE: = o (e = = = =z =
< ~N o~ ” - Aal ~ o el . -~ -y © ™
100 1| 11 10;  medium | 17} 10 medium medium 35
101| 80| 45| 63| 6 very 28] 50| 66 weak weak 40| medium | 20
strong
102| 55 101 341100 medium | 90| 16] 55 » 62 » 18
103! 42100] 3| weak 2041001 » strong 45 100!
104{100| 45| 63] 37 100] 45| 88| strong very 37 strong
strong
105} 20| 63j100( 37 10| 68/100] weak medium 81| weak
106( 50, 2 60 24 8 medium 46 55
107 13) 62; 62 5| 18] 65 weak weak 79| very 10
strong
108 26{ 50 36| medium very 27| weak
strong
110 15/ 71| 62( 75| very strong | 40| 73| 58| very strong 100 strong
strong
111 medium 25,
112} 14] 15] 21 30
113 16 very 30| strong 1 weak
weak
114 very weak medium : medium
200 medium weak
201 very 50| »
weak
109 45 medium
202 weak
203 weak 11
1010| 6 3 16 13 » 5
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TaSe, has a broad homogeneity range from the disel-
enide to the composition Ta,Se;. The phases Ta,.xSe,
have the 3R-MoS, structure when 0.03 = x=<0.21,a
2H(b)-Nb,.xSe, structure when x = 0.1, and a 2H-
Nb,.xS2 structure for all other values of x. The other
modifications of TaSe,; are found only in compounds of
stoichiometric composition. Since all of the modifica-
tions of TaSe; have similar internal energies, single-
phase preparations are usually not obtained, and there
is no reliable information on which is the equilibrium
phase.

The only ditelluride that has a layer structure ana-
logous to the disulfides and diselenides is MoTe,. This
compound is remarkable in that it can exist in two
modifications: the 2H-MoS; type and the Cd(OH). type
with small distortions (which is not observed with the
other dichalcogenides of W and Mo). The second
modification is the equilibrium phase above 850°C, but
it can be quenched and exists in the metastable state at
room temperature.!”?!

The methods of synthesis of the dichalcogenides are
highly varied.[37,4%,4%,47,63,66,67,73-80] gyyever, in order
to prepare pure compounds of assigned chemical com-
position, the only suitable method of synthesis is heat-
ing the chalcogen and metal or alloy of metals together
in evacuated, sealed quartz ampules. The temperature
at which the reaction proceeds is 400—800°C. Some-
times the ampules are held at temperatures up to
1200°C to induce ordering of the structures. The reac-
tion time is from several hours to several weeks.
Since all these compounds decompose before melting,
single crystals are grown by gas-transport reaction
methods 45777571 "etc. One can grow by the same
method single crystals of the quasibinary alloys of the
different dichalcogenides. Here the composition of the
single-crystals differs little from the composition of
the original compounds. The single crystals grow in
the shape of hexagonal plates of transverse width
5—10 mm and thickness 0.1—-0.2 mm.

3. OPTICAL PROPERTIES AND BAND STRUCTURE

Formation of an MX, crystal involves sxdMsMpX
hybridization, and consequently a valence bonding band
of ¢ electrons arises that contains 16 electrons per
MX, group, i.e., two completely filled s and p shells
of selenium or sulfur. Here the W and Mo atoms each
have two d electrons that are not involved in valence
bonding, and Nb and Ta have one each. This model,
which arises from general considerations of valence
theory, is confirmed by the data of the x-ray spectro-
scopic studies performed in!**! on the compounds
(NH¢)Mo00O,, M0oOs, M0S;, and MoCg;, in which the
valence of Mo varies from six to two (Fig. 6). We see
from this diagram that the d levels are filled as the
valence of Mo decreases, and the spectral pattern be-
comes impoverished.

As we know, the d states are split in the field of the
crystal structure into several bands, in accord with the
lattice symmetry.

We can suggest from purely geometrical arguments
(Fig. 7)™ that for octahedral coordination the d;2 and
dx2-y2 states of the metal atoms are preferable for
hybridization with the p states of the chalcogen. Since

FIG. 6. X-ray emission spectra of the
compounds (NH,), MoO,, MoO,, MoS,,
and MoC,.

/}\/\“\\:m Mol
MoOs
/k/\“’\—\ MoS,

/\/L\\\’Mﬂta
1 i il

V4 20

Hg, ev

Ap Ap A
IS I S

oy

FIG. 7. Spatial orientation of
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FIG. 8. Band models of the di- v
chalcogenides for structures havin, C—
. g _—

trigonal-prismatic coordination of
Group VI metals (a); trigonal-pris-
matic coordination of Group V
metals (b), and with octahedral
coordination (c).

the remaining dxy, dxz, and dyz states have similar
symmetries, the energy bands formed by these states,
which lie beneath the valence-bonding band, must
overlap (Fig. 8c). The dxz and dyy states are prefer-
able for hybridization in trigonal-prismatic coordina-
tion. Hence the band of the dz2 states lies above the
valence band. The fact that the dichalcogenides of W
and Mo having trigonal-prismatic structures are
semiconductors permits us to conclude that the dz2
band lies below the band formed by the two other
states not involved in valence bonding (dxy and dx2_y2)
(Fig. 8b).

The absorption spectra of MoS; have been studied
in[%85%] of WSe, inl*®%®] and of WS, and MoSe:
in'! in the energy range 0.5—5 eV. The reflection
spectra of MoS; were studied in'®,

The absorption spectra were studied in ultrathin
single crystals cut either from crystals of natural
molybdenite or from WS;, WSe,, and MoSe: grown by
the method of gas-transport reactions. The thickness
of the specimens was 500—200 A.
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2H-NbSe,
2H-MaS, C
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FIG. 9. Absorption spectra of 2H-MoS, and 2H-NbSe,.
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FIG. 10. Absorption spectra of WSe,—-NbSe, crystals.

The spectra of all the compounds in the 2H modifica-
tion proved to be analogous. They are shown for NbSe:
and MoS; in Fig. 9.

The authors of!*! think that the absorption spectra
confirm the correctness of the band models that they
proposed (see Fig. 8).

Just like the x-ray spectroscopic data, the optical
data indicate that the bonding within the layers is co-
valent in nature, and four d and s electrons per metal
atom participate in bonding. The model of Fig. 8a indi-
cates five fundamental types of transitions that can
occur in the trigonal-prismatic dichalcogenides of the
Group VI metals. Transition V is a transition across
the fundamental bonding energy gap from the filled
valence band into the empty one. Such transitions give
rise to the exciton o (see Fig. 9). The transition III
gives rise to the excitons A and B, which are charac-
teristic of these substances.

The energies of the excitons A and B, which are,
e.g., 1.35 and 1.6 eV respectively for WSe;,[®%%!
agree well with the width of the energy gap determined
in™**! from the increase in concentration of current
carriers over the temperature range 400—-600°C.
Transition IV, having a somewhat greater energy, is
reflected in the spectrum by a broad band capped by
the peaks C and D. Transition II is impossible in
these compounds. Transition I from the filled to the
empty d band should have an energy of several tenths
of an eV. Such transitions have been observed in MoS;
in the infrared.

The existence of two excitons A and B of similar
energies is due to spin-orbital splitting of the valence-
electron levels. Reality of this phenomenon is proved
by the fact that the distance between the peaks A and B
is directly proportional to the molecular weight of the
compounds. Moreover, this distance changes on going
from the 2H to the 3R form. Although these modifica-
tions are composed of identical layers, they belong to
different space groups. This is why the forms of their
Brillouin zones differ,

Y = ke

FIG. 11. Brillouin zone of WSe,. = 5
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When we go from the Group VI to the Group V
metals, the lower d band becomes only half-filled.
This must substantially change the form of the absorp-
tion spectrum and the electrical properties of the com-
pounds: metallic conductivity must arise in them, as is
actually observed.

First of all, the excitons A and B, which are
shielded by the free charges (holes), must disappear
from the spectra. It was shown in'! that this occurs
gradually when the W atoms in WSe; are replaced by
Nb atoms.

Figure 10 shows the spectra for these systems. We
see from these spectra that a very large concentration
of holes introduced by Nb atoms is needed in order to
shield the A and B excitons (2.5 and 6 atom percent,
which corresponds to hole concentrations of the order
of 10°°—10%' ¢m™). Since the radius of the excitons is
about 1077 ¢cm!*! the shielding radius is approximately
equal to the radius of the excitons. Since half of the
states are not filled in the dz2 band of NbSe,, part of
the type-IV transitions (Fig. 8a) that occur in WSe,
proves to be impossible owing to lack of electrons. As
the authors off*) state, this explains the absence of the
peak D in the absorption spectra of the dichalcogenides
of the Group V metals. Figure 9 shows a typical ab-
sorption spectrum of a dichalcogenide of a Group V
metal (NbSe,), while Fig. 8b shows a model of the en-
ergy bands. The reflection spectra of NbSe, were
studied in"®%,

The Brillouin zone of the dichalcogenides having
trigonal-prismatic coordination is a hexagonal prism
with a diameter of the base about twice the height. The
zone is bounded by planes parallel to the 001 and 100
planes (Fig. 11). The fact that such an anisotropic zone
in the W and Mo compounds is completely filled with-
out transition of electrons to the next zone is an im-
portant feature of these compounds, which determines
their optical, electrical, and galvanomagnetic proper-
ties. We should note that the band model proposed in!*!
is questionable with respect to the position of the d;2
band. A weak peak in the infrared is found in MoS,,
and on this basis the distance between the d,2 and
(dxy, dx2-y2) bands has been taken to be of the order
of 0.1 eV. It may be due to impurity levels, while this
energy gap may actually be considerably larger. We
recall that transitions between the stated bands are
forbidden. Hence the authors of!*! had to assume that
there is an admixture of p states in the (dxy, dx2-y2)
band.

The small effective mass of the charge carriers
{m =~ m,) and the low depletion concentration of cur-
rent carriers in the temperature range 100—500°C in
WSe: (~ 107 em™®)*!! gives us reasons for thinking
that free charges arise not only in the dz2 band, but
also in the valence band. This can occur if the dz2
band overlaps the latter.
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FIG. 12. Band models of .dichalcogenides having trigonal-prismatic
(a) and octahedral (b) coordinations.

A band model was proposed in'®* in which the
(dxy, dx2-y2) band lies below the dz2 band. In this
model, the semiconductor properties of the W and Mo
compounds are explained by spin-orbital splitting of
the (dxy, dx2.y2)band into two bands of capacity two
electrons each per metal atom. However, the spin-
orbital splitting required to produce an energy of 1.35
eV (as is the case in WSe,[***!) between the dxy and
dx2_y2 bands is much greater than that found for the
5d electrons of free W ions.*™! Hence, the model
proposed in'® hardly agrees with reality.

The authors of!™ have performed calculations by
the crystal-field and molecular-orbital methods that
showed that the dz2 level is the lowest d energy level
in compounds of trigonal-prismatic symmetry, and is
followed by the (dx2-y2, dxy) and (dxz, dyz) levels.
The sequence differs in compounds with octahedral
coordination: there the lowest level is one of the levels
(dxz, dyz) or (dyx2-y2, dxy)- Since the capacity of these
levels is four electrons per metal atom, then a phase
transition from a structure having trigonal-prismatic
coordination to one having octahedral coordination must
cause the semiconductor properties to transform to
metallic. As was noted, such a phase transition has
been found at 850°C in MoTe., and it is actually ac-
companied by such a change in electrical proper-
ties.[™ 1'% On the basis of these data, as well as the
results of measuring the effective masses of current
carriers in'*% %! the band model of the dichalcog-
enides depicted in Fig. 12 has been proposed. In this
model, the valence band overlaps the filled (or only
half-filled) d;2 band in the compounds with trigonal-
prismatic coordination, or a band of the (dxz, dyz)
type in compounds with octahedral coordination. Such
a band pattern agrees with the results of measuring
the thermoelectric power, the electrical conductivity,
the heat capacity, and the Hall effect of the dichalcog-
enides of Nb and Ta.!®) This study found a consider-
able deviation of the concentration of current carriers
from one per MX; group. We might expect this from
the band model proposed in!%»®*"1: from 0.1 in TaS; to
3 in TaSe,.

Moreover, different signs of the current carriers
are found from the Hall effect and the Seeback effect.
These phenomena can be explained only if we assume
that the dz2 band overlaps the valence band. This must
produce charge carriers having substantially different
effective masses (*‘light’’ and ‘“‘heavy’’), and hence
having different mobilities. Since the Hall effect is de-

termined by the square of the mobility, but the Seebeck
effect by its first power, the differing signs of these
effects are quite explainable within the framework of
this model.

Evidently, the last model is closest to reality. How-
ever, one of the (dxz, dyz)-type bands probably also
lies within the valence band, owing to hybridization of
the orbitals of the metal and the chalcogen.

4. ELECTRICAL AND GALVANOMAGNETIC
PROPERTIES

The electrical and galvanomagnetic properties of
the dichalcogenides are determined by the group num-
ber of the metal atom: the dichalcogenides of W and
Mo are semiconductors, and those of Nb and Ta show
metallic conduction. Deviations from this rule are
found only in TaS; and TaSe: in the modifications with
octahedral coordination by the chalcogen atoms, and
also in MoTe..

Some data on the electrical properties of the
dichalcogenides of the Group VI metals are collected
in Table V. As we see from this table, the compound
WS: has been practically overlooked by researchers,
whereas rather many studies have been concerned with
MoS., MoSe;, WSe,, and MoTe,.

For all these compounds, the In ¢ = f(1/T) and
In R = f(1/T) relations are characterized by two
rectilinear regions having activation energies of
0.03—0.1 eV (at low temperatures) and 0.4—0.9 eV (at
high temperatures). These regions are separated by a
certain temperature region in which R is almost inde-
pendent of T (depletion), while ¢ can even decline with
increasing T. As we know, such a temperature-depend-
ence is typical of impurity semiconductors. Evidently,
the conductivity of these compounds at low tempera-
tures is due to impurities, rather than being intrinsic,
as is implied by the band model proposed in/! (see
Fig. 8). This is confirmed by the fact that the scatter
in value of AE at low temperatures is very large for
a given compound (probably because of presence of
different impurities in it). Moreover, as we have noted,
the electron concentration in the depletion region, e.g.,
in WSe.'**) amounts to only about 10" cm™. On the
other hand, if the conduction in the d bands were
intrinsic, it would have to be at least of the order of
10*! cm®, The authors of!®! came to the same conclu-
sion.

At 600°K and above, intrinsic conduction begins to
set in, and it is characterized by the following activa-
tion energies: 0.4-—0.9 eV for 2H-MoS;, 0.4—0.5 eV
for 3R-MoS;, 0.6 eV for MoSe,, and 0.85 eV for WSe.,.
Unfortunately, all of the performed studies have been
made on low-purity materials, while purification of the
prepared compounds presents almost insolvable diffi-
culties because these compounds decompose before
melting. Moreover, in none of the research did they
study the temperature-dependences o(T) and R(T)
over a broad enough temperature range from cryogenic
temperatures to the onset of intrinsic conduction.
Hence, the presented conclusions have been drawn by
comparing the results of different studies. It is of un-
questionable interest to perform such measurements.
However, the existing data are quite sufficient for
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Table V
Sign of Carrier . L :
Specimen Structure Activation energy of o (ohm™ cm™) | concentration eImo-€.Mm.1 | - pefer.
C und s " current o -3 coefficient,
ompo characteristics type current carriers, eV carriers at 293°K m(02119130)1( uV/degree ence
MoS, Natural single 2H-MoS, 0,03—-0.06, < 300°K; P — — — 89
crystal 0.7. > 300°K
Ditto 2H-MoS, 0.08, < 400°K P 5104} ¢ — — 82
0.87, > 400 °K 8.102 | ¢
> » 2H-MoS, 0.09, <C400°K P 2,5.10-1—10-2 | 3.1016_.2.1017 600 20
» » 2H-MoS, 0.07—0.16, > 300 °K n 10-1 6.1015 — L2
Synthetic single 2H-MoS, 0.56—0.7, > 400°K P 3,2.10-5 2.1018 450760 82
crystal
Synthetic poly- 3R-MoS; | 0.4—0.5, > 400°K P 8.10-8— 8.1016 400—750 92
crystal —2.10-4
WS, Ditto 2H-MoS, — p 15 3,7-10% 120 0
» » 2H-MoS, 0.04—.18 P — — — 89
» » 2H-MoS, — n 7.10-1 — — 91
MoSe, » » 2H-MoS, — ? 10-8 — 300 95
Synthetic single 2H-MoS, — n 7.10-1 5.1018 — 5
crystal
Synthetic poly- 2H-MoS, 0.07—0.16, > 300 °K P 1,2-10-¢ — 430—610 26
crystal
Ditto 2H-MoS, — p 4-10-2 — 700 97
Synthetic single 2H-MoS, 0.6. > 300°K n 3.10-1 — 900 100
crystal
Synthetic poly- 2H-MoS, — P 10-1-10-3 — 400—800 99
crystal
Ditto 2H-MoS, 0.1. >300 °K n 2.10-4 6-1018 — 44
WSe, Synthetic single 2H-MoS, — p 2 — 950 100
crystal
Synthetic poly- 2H-MoS, 0.85. > 700 °K 13 1,2—4 8.1016 — 4
crystal
Ditto 2H-MoS, _ P 2.5.10-3 — 600 9%
» » 2H-MoS, — p 5.10-3 — 600 29
Synthetic single 2H-MoS, - P 2-101 - - 8
crystal
Synthetic poly- 2H-MoS, 0.1, < 600°K p 2 4.1017 780 98
crystal
Synthetic single 2H-MoS, 0.07—0.16, > 300 °K n 1 5.1018 — o1
crystal
Ditto 2H-MoS, 0.68 (optical) p 0.2 1018 — 83
0.046, <200 °K
MoTe, » » 2H-MoS, — n - 780 100
» » 2H-MoS, 0.61, >600°K n 1 1018 600 101
Synthetic poly- 2H-MoS, — n 4.10~2 (373 °K) — 360 (373 °K) 44
crystal
Ditto 2H-MoS, — 5.10-4 — — 99
» » 2H-MoS, — p 7-10-% — 400 95
» o 2H-MoS, 0.6, > 400°K; metallic n, p 10-1 (500 °K) — 100—600 72
(distorted) conduction
» » CdJ(distorted)| Ditto 4 2.102 — 22 72
» » CdJl, 14 103 — _ 102
> » 2H-MoS, — P 10-3 — — 102

concluding that the band model of these compounds pro-
po[sq?d in!™! is closer to reality than the model proposed
in'*,

We see from Table V that the electrical conductivity
of the dichalcogenides of W and Mo varies over a very
wide range. The values of o for MoS; differ by a fac-
tor of more than 10°, for MoSe: by 10° and for WSe;
by 10%. The reason for such a large spread is mainly
the uncontrolled impurities. They note in some of the
studies, e.g.,!® that increasing the temperature of
synthesis from 650° to 1100°C increases the electrical
conductivity of MoSe, and WSe, by two orders of mag-
nitude. This was explained by solution of impurities.
However, another reason for this phenomenon can be
increased in grain size, which decreases the number of
intergain contacts, the resistance of which can be quite
significant. Solution of impurities owing to tempera-
ture increase might be proved by an increase in the
concentration of current carriers. However, it has not
been possible to find such data. Therefore we have

tried with the example of MoS; to find what role these
phenomena play. To do this, we pressed natural MoS;
with well-formed, relatively coarse grains, and held it
at 600—1100°C. The electrical conductivity of the com-
pound was increased by three orders of magnitude by
holding at 1100°C, but the concentration of current car-
riers was increased only twenty times.

In'®!1, single crystals of MoSe, with a concentration
of current carriers of 5 x 10'® cm™ had an electrical
conductivity 3.5 x 10® larger than the polycrystalline
specimens in'*! with the same carrier concentration.

All of this indicates that we must treat critically
the large spread of values: to a considerable extent,
it can be due to the technique of synthesis and prepara-
tion of specimens for measurements and their micro-
structure (for a given purity of the compounds).

The electrical conductivity of MoS, shows extremely
large crystallographic anisotropy. In the direction of
the ¢ axis, 0 =4.6x 10 ohm™'-cm™, and in the per-
pendicular direction ¢ = 7.8 x 1072 ohm™ -cm™! (for the
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Table VI
0, S1-cm S, uv/°C
b ’ | o Compound x P n, oy " /na
Sl m § Megohm-cm cm’ cm?/V-sec * (reference)
§ w g | 2
[+ w “ Wi_Ta,Se, (1} 780 8.1018 99.0
< 0.005 30.2 1.6-1019 12.9 0,2
w 0.0 1.7 8.2-1019 6.3 0.6 |,
= 0.02 4.3 2.5.1020 5.8 0.9
Al 70 0.03 3.2 | 3.5.1020 5.6 0.8
p 1w 0.05 2.5 | 6.6.1020 3.8 0.8
. Wi Ta,Se, 0 500 4.1017 31.0
3 o Y -\ R [ 40 7-1018 22.5 0.08
. at, % Nb 0 0.01 18 2.4-1019 13.5 0.45 | ,
ng 0.02 4.3 | 1.7.102 8.5 0.5 )
4 5\‘“ -3 0.04 2.3 3.2.1020 8.6 0.5
oL 1 01 1.1 8-1020 7.0 0.5
* W,_xNbySe, | 0.005 50 3.4018 41.0 0.04
ok "\ 1 0.01 5 1.2.1020 10.4 0.75 5 o8
2 oeeae oa. T g 0.03 1.6 | 3.2.10% 12.4 0.75
%, * Soommees ly Moy_xRexSe, | 0 5000 6.1018 50.0 - "
-4 0.02 43 4.5-1010 4.0 0.15 }
-FL %qu%oo e 420
-8 %90 cooaan0 4 *Unpublished data of V. L. Kalikhman and L. L. Pravoverova (see [*]
I 1 ! L T i A for the methodology of specimen preparation.
2 25 3 i 4 gyr W 20030 40 5060 T B0 et 9N gy ol P Prep

FIG. 13 FIG. 14

FIG. 13. The temperature-dependence of the electrical conductivity
of a single crystal of molybdenite along the ¢ axis and perpendicular to
the c axis.

FIG. 14. Concentration dependence of p(O) and S(O) of WSe,—
NbSe, quasibinary alloys.

\

same single crystal). However, the activation energy
of the current carriers is the same in both cases
(Fig. 13).0%%)

Experiments performed to study the dependence of
o along the c axis on the a.c. frequency showed that o
is proportional to the frequency in the range 10°—107
Hz. This indicates that the charges migrate jumpwise
from layer to layer.*!

As we see from Table V, all the compounds of W
and Mo are thermoelectric materials of both p and n
types with rather high Seebeck coefficients. The value
of S depends on the impurities dissolved in the
dichalcogenides. Hence, it cannot be predicted unless
one has performed a special doping, although the p
type is found oftener than the n type. The low electri~
cal conductivity of these compounds rules out using
them in the pure form as thermoelements. In order to
increase the electrical conductivity of the dichalco-
genides of W and Mo, compounds have been synthe-
sized in a number of studies in which part of the W or
Mo atoms were replaced by Nb or Ta atoms (quasi-
binary alloys MyX:—MVIXz). The Nb or Ta atoms in
these alloys play the role of acceptor impurities.

The quasibinary solid solutions WSe,—NbSe; re-
main semiconductors as long as the concentration of
NbSe; is less than 1 mole percent. Replacement of
this amount of the W atoms by Nb atoms gives rise to
an acceptor impurity level with an energy gap of 0.09
eV. Further replacement gives rise to a hole-type
conduction band, and about 70% of the Nb atoms lead
to hole formation, beginning at 2% of replaced W
atoms (Table VI[®®)),

This replacement leads to!®® a sharp decrease in
the electrical resistance, and not a very strong decline
in 8§ (Fig. 14).

Replacement of W atoms in WSe, by Ta atoms
gives an analogous effect. WSe;—TaSe: alloys contain-
ing up to 5 mole percent TaSe: show pure hole conduc-

liﬂﬂ [ ° o W{-:Tazsez
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FIG. 15. The S(T) relation for the com-
pounds W, TaySe,. The curves are the
theoretical values, and O are experimental.
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tion with an effective mass of the current carriers
close to unity. The mechanism of scattering involves
ionized impurities when the TaSe, content is less than
1 mole percent, and phonons when the TaSe: content
is more than 1%. The S(T) relation calculated for
them agrees excellently with the experimental data
(Fig. 15 [**1). In this study, the procedure for determin-
ing the Fermi level ¢ and the effective mass m*/m,
consisted in establishing the type of scattering from
the temperature-dependence of the mobility u(T),
measuring S at 350°K, and determining € from the
known relations!**;

R
5 =86 TFETE“"*J nV/deg

for TaSe; = 1 mole percent, and
S = 86 [2F, (e*V/F (%) — e*] pV/deg

for TaSe: > 1 mole percent, where Fs, Fz, F;, and F,
are the Fermi integrals, and €* = €/kT. Then the
S(T) relation was calculated from the known value of
€. The effective mass was determined by substituting
€* into the relation

p =4n 2m*kET /R332 Fyp (e%),

Here p is the charge concentration measured by the
Hall effect, and € denotes the distance of the Fermi
level from the edge of the valence band. Alloys that
contain from one to several mole percent NbSe:; or
TaSe, have a relatively high coefficient S (about

200 ;1 V/degree at room temperature), which increases
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FIG. 17. The Ry(T) relation for NbSe,.

with rising temperature (Fig. 16!*":°®1), Along with
this, they have relatively high electrical conductivity
(10°~2 x 10° ohm™ -cm™) and low heat conductivity
(about 0.02 W°C /cm). This makes them very promis-
ing for use as thermoelements at moderate tempera-
tures.

Owing to their texture, pressed quasibinary alloys
show rather great anisotropy in their properties. The
particles pack during the pressing process in such a
way that their c-axis direction lies predominantly
parallel to the direction of application of pressure. For
example, the electrical conductivity of the alloy
Wo.97Ta0.005€2 is four times lower, the heat conductivity
3.5 times lower, and S is 1.4 times lower than in the
perpendicular direction. Perhaps if one could grow
large enough crystals of WSe, and its alloys, then
their anisotropy of properties would be of the same
order of magnitude as in MoS..

Our measurements on the alloys MoSe,—NbSe,,
MoSeg—-TaSeg, WSZ'—Nb82, WSQ_Ta,Sz, MOSz"—NbSZ, and
MoS,~TaS. have shown that the properties of these
alloys vary with increasing concentration of the second
component in about the same way as for the quasibinary
alloys mentioned above.

WSe.—ReSe; alloys are also known. In contrast to
those mentioned above, they show electron conduction,
as do the MoSe,—ReSe; alloys.[***]

The electrical properties of the dichalcogenides of
Nb and Ta have been studied in less detail. Most of the
studies in this field have dealt with the superconduc-
tivity of these compounds. As is known, 2H-NbS, has
metallic conduction with ¢ = 3x 10> ohm™*-cm™ (at
293°K).[**

Removing part of the sulfur from NbS. up to the
concentration NbS, ¢ (the structure of this compound is
of the 3R-NbS: type) causes a slight decline in the
conductivity (to 2 x 10% ohm™-cm™), but it changes the

e
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/B /R R/ R/ T /A
8, deg
FIG. 18. Anisotropy of the critical currents for superconductivity in
NbSe,. 8 is the angle between the magnetic field and the ¢ axis; the cur-
rent flows L to the ¢ axis; 1—-783 QOe, 2—2758 Oe, 3—3691 Oe, 4--8500
Oe; T @4.21°K.

type of conduction to semiconduction. 2H-NbS, trans-
forms to the superconducting state at 6.1—6.3°K, while
3R-NDS: transforms at 5—5.5°K.[1¢]

Tantalum disulfide in the 2H modification is also a
metallic conductor having electrical conductivity
3x 10° ohm™-cm™' at 293°K. In the temperature range
1.3—2.1°K, a mixture of all the known modifications of
Ta$S. also transforms to the superconducting state,
while 1H-Ta$S, transforms at 0.8°K.[1%®

The electrical properties of NbSe, have been studied
in rather good detail, especially its superconductivity,
which in the 2H modification sets in at
7.1°K.17%106,10%-111] 5H_NbSe; is a metallic conductor
with hole conduction at temperatures above 26°K. The
hole concentration determined by Hall-effect measure-
ments on single crystals grown by the method of gas-
transport reactions is 1.4 x 10% ¢cm™."' The concen-
tration of electrons at 7°K is 1.1 x 10 ¢m™ (Fig. 17).
This corresponds approximately to the concentration
of Nb atoms.

The electrical conductivity of 2H-NbSe; in a direc-
tion perpendicular to the ¢ axis (single crystals) is
about 7 x 10® ohm™ -¢m™ . In specimens pressed from
powders and baked, o = 5 x 10°,1%%

Deviation of the composition of NbSe; from stoich-
iometric (toward an increased Nb content) markedly
decreases the electrical conductivity: it is less by a
factor by almost 50 at the composition Nb, »Se, than
for NbSe:, and it increases with rising temperature.[®!

Since one can grow single crystals of NbSe, only as
thin plates whose surfaces are perpendicular to ¢, it
has not yet proved possible to measure ¢ along the c
axis. However, it is evidently much smaller than in the
perpendicular direction. Owing to the texture that
arises in pressed specimens, they have o ¢ /0| ¢
~ 4.1 4H-NbSe; has an electrical conductivity
smaller by a factor of 1.5 than 2H-NbSe,. The super-
conducting state in this modification of NbSe, sets in
at 6.3°K.[1%%119 Ag the composition deviates from
stoichiometric, the transition temperature to the super-
conducting state (T.) for 4H-NbSe, declines to 5.9°K

LR
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at the composition Nb, ¢Se:.!”") The decline is much
more substantial for 2H-NbSe.: to 2.2°K,[!1% 1]
Evidently this involves the fact that the layer stacking
rearranges at the composition Nb, ,sSe: to form the
phase 2H(b)-Nb,.xSe: (see Fig. 3 and Table II). The
authors of!*'%!1) did not make note of this, nor did they
give a plausible explanation for such a marked decline
in Tc .

The critical currents in NbSe; are strongly aniso-
tropic with respect to the direction of the magnetic field
applied to the specimen. The maximum currents are
observed when the field is applied in a direction per-
pendicular to the ¢ axis of the single crystal (Fig. 18).

In the absence of a field, the critical current density
is about 10* A/cm®. It is about 500 A/cm?® in a field of
7000 gauss, and 200 A/cm? in a field of 18,000
gauss 1198 1912] gypnerconductivity in the ¢ axis direc-
tion also arises at T¢ = 7.1°K.[1%]

Substitution of Te for Se atoms sharply lowers
Tc.['"%] NbSe; in the 3R modification does not show
superconductivity.[**) in all probability, this is because
the distances between Nb atoms in adjacent layers in
this modification are considerably larger than in
2H-NbSe», and Se atoms lie between them.

All of this indicates that the niobium selenides are
not purely two-dimensional structures, and it confirms
the conclusions of'*'*] which cast doubt on the possible
existence of superconductivity in two-dimensional
systems. The electrical properties of single crystals
of 2H-TaSe; are analogous to those of 2H-NbSe.. At
T > 90°K, the sign of the current carriers determined
from the Hall effect is positive, but negative at
T < 90°K (see Fig. 171'1%!), (The carrier concentration
in TaSe: is approximately three times as great as in
NbSe;, but p is almost the same: about 1,2 x 10™*
ohm -cm at 300°K[!%)),

There is evidence that the sign of the carriers in
TaSe, and NbSe; as determined from the sign of S is
negative at T = 300°K.[®®) In polycrystalline 2H-TaSes,
p =4x 10" ohm -cm, while it is approximately 1.5
times as great in 4H(b)-TaSe.. Evidently, p is still
greater in 1H-TaSe:."*! According to a number of the
experimental data for octahedral coordination by the
Se atoms (which is fully realized in 1H-TaSe. and
partially in 4H-TaSe,), the overlap of the d levels of
the metal atoms is much weaker than for trigonal-
prismatic coordination, and the number of carriers in
the conduction band is smaller.[*] This phenomenon has
not yet been studied enough. In all probability, it arises
from the superstructure that has been found in TaSe.'*!

The same holds also for TaS;; T¢ for 3R-TaSe; is
only 0.2°K, and 0.14°K for 2H-TaSe.[**®

As we know, within the framework of the Bardeen-
Cooper-Schrieffer (BCS) theory, the transition tem-
perature to the superconducting state is given for a
phonon mechanism by the expression

T, = 1.14 85 exp [—1/N (0) V1,

Here ¢p is the characteristic temperature, N(0) is
the density of states at T = 0, N(0) ~ m*n¥® (m* is
the effective mass of the current carriers and n is the
carrier concentration), and V is the value of the effec-
tive electron-electron interaction.

A set of experimental data is given in'! that indi-
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cates that the product N(0)-V (and hence also T,) has
a maximum at some definite n. For this reason, the
authors of'*! consider quasibinary alloys of the dichal-
cogenides of the group V and VI metals to be of con-
siderable interest from the standpoint of developing
materials having high transition temperatures to the
superconducting state. It would be especially interest-
ing to find superconductivity in alloys of composition
not very far from the Group VI dichalcogenides, since
the existence in them of stable excitons might lead to
appearance of an exciton mechanism of superconduc-
tivity which was recently proposed by V. L. Ginzburg.
Whenever this mechanism arises, 6p in the BCS
formula is an electron temperature rather than a
lattice temperature. Hence, the authors of!*] think that
Te in such compounds could be higher than the boiling
point of liquid hydrogen (20.4°K).

5. ANTIFRICTION PROPERTIES

All the dichalcogenides of W, Mo, Nb, and Ta show
strong adhesion to metallic surfaces. When combined
with the layered nature of their structures and the fact
that the bonds between layers are very weak, this
property makes them excellent solid lubricants. The
mechanism of easy sliding of the dichalcogenides hav-
ing trigonal-prismatic atomic coordination on metallic
surfaces that is now generally recognized consists in
the idea that a thin (several hundred A) highly-textured
film of the dichalcogenide is formed on the metal with
the 0001 planes of the crystals parallel to the surface
of the metal. The bonding forces of this film with the
metal considerably exceed the bonding forces of the
layers of dichalcogenide with one another. Thus,
dichalcogenide slides on dichalcogenide, rather than
dichalcogenide on metal.!*'*!®] Owing to this friction
mechanism, the antifriction characteristics of these
materials appear to a very high degree in a vacuum.
The presence of any atmosphere, especially water
vapor, impairs these characteristics, since it gives
rise to adsorbed films or oxides that hinder slid-
ing.[*?"!*%) However, some of the dichalcogenides of
W and Mo, especially WSe,, retain rather good anti-
friction properties even in a moist atmosphere. This
is also true of compounds of these metals in which a
small part of the W or Mo atoms is replaced by Nb
or Ta.['*®

If we bear in mind the relatively high electrical con-
ductivity of the dichalcogenides of Nb and Ta, as well
as of the substituted dichalcogenides of W and Mo, we
should note that, until these compounds had been pre-
pared, there was only one material in nature that
possessed a similar set of electrical and antifriction
properties: graphite. Existence of this material made
it possible to develop such an important branch of
modern technology as machine design of direct-current
motors. Moreover, graphite has been widely applied in
various sorts of sliding contacts.

However, it turned out with the development of
aviation and cosmonautics that the antifriction proper-
ties of graphite deteriorate sharply in the absence of
water (or any other) vapors in the atmosphere where it
is being used. Detailed studies on single crystals of
graphite[m] have shown that the crystalline anisotropy
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FIG. 19. Relation of the fric-
tional coefficient to the humidity
of the atmosphere for the com-
pounds: NbS, (1), TaSe, (2),
Ta$S, (3), MoS, (4), NbSe, (5),
MoSe, (6), and WSe, (7).

7 N/ 50 70 »
Rel. humidity, %

of its mechanical properties can be quite insignificant.
The anisotropy of its electrical properties can also be
insignificant,['?

However, the anisotropy of properties is very high
in graphite specimens of perfect structure (e.g., single
crystals of pyrolytic or natural graphite!*'®’). Hence,
evidently, we should consider the reason for the poor
antifriction properties of graphite in vacuo to be the
numerous distortions that are characteristic of its
structure, as well as the ease with which these dis-
tortions arise with various types of mechanical agents.

Apparently, the adhesion of the dichalcogenides,
e.g., NbSez, to metallic counterobjects proves to be
much stronger than that of graphite. Thus, electron-
diffraction analysis of a film rubbed onto a coppér ring
by a briquet containing 70 volume percent graphite and
the rest NbSe. showed that it consisted practically
completely of NbSe,.['?¢]

For the reasons presented above, an entire series
of motors and devices whose operation depended on
parts containing graphite as an electrically-conductive
solid lubricant has proved inapplicable untler high-
altitude and space conditions, and in general, in instru-
ments that operate in a high vacuum [5-7147,160]

This problem could be solved radically only after
the dichalcogenides of Nb and Ta, as well as the
dichalcogenides of W and Mo substitufed with Nb or
Ta, could be prepared.

The dichalcogenides of W, Mo, Nb, and Ta are

stable to radiation. Radiation doses of 10'" neutrons/cm?

do not produce detectable changes in them. This gives
them an important advantage over most antifriction
materials under space conditions, especially over any
type of organic compound.!®>"!**} The diselenides of
Nb and Ta show catastrophically rapid abrasion under
normal conditions because of moisture in the air,'**”
The frictional coefficients of all the dichalcogenides
but WSe, increase with increasing humidity of the
airf® (Fig. 19). According to the ideas presented
above, the frictional coefficients of the dichalcogenides
depend little on the counterobject on which they slide.

The antifriction characteristics of the different
polymorphic modifications are about the same insofar
as they pertain to materials with trigonal-prismatic
coordination by the chalcogen atoms. Substances having
octahedral coordination have much poorer antifriction
characteristics ./ **")

The frictional coefficients of all the trigonal-pris-
matic dichalcogenides in air of low humidity (30—40%
at 20°C) are 0.1—0.2 in dried air, and 0.05~0.01 in
vacuo, [}y 119-122:128) nrqyided that the pressure against
the counterobject is about 1 kg/cm?. Under substan-
tially higher pressures, the frictional coefficient is
considerably lower (e.g. the frictional coefficient of

MoS. is reduced to 0.025 at a pressure of about
10,000 kg/cm?, and that of TaS, to 0.009'°)),

Raising the ambient temperature to 150—200°C
somewhat lowers the frictional coefficient, while fur-
ther increase sharply raises it.[*!*'®! Quasibinary
solutions My1X.—MvVX, having a concentration of the
second component of about 5 mole percent combine a -
relatively high electrical conductivity (0.5—2 x 10°
ohm™-cm™") with good antifriction characteristics,
both in vacuo and under normal conditions and in
atmospheres of high humidity (up to 100%).***!

The antifriction properties of the dichalcogenides
with trigonal-prismatic coordination are substantially
better than for all other known solid lubricants.[!?*]

6. CONCLUSIONS

1) The disulfides and diselenides of W, Mo, Nb, and
Ta, and also MoTe,, consist of close-packed two-
dimensional molecules (layers) made of trigonal prisms
or octahedra. Atoms of S, Se, or Te lie at the vortices
of the prisms, while a metal atom lies at the center of
every other prism.

2) The atoms within each layer are bound by strong
covalent bonds. The layers are bound to one another by
van der Waals forces. -

3) Four d and s electrons of each metal atom and
the s and p electrons of the chalcogen atom partici-
pate in covalent bonding. They form a bonding band
that contains 16 electrons per MX, group.

4) The free d levels of the metal atoms form two
bands separated by an energy gap. The capacity of the
first of them is two electrons per MX, group, and that
of the second is four (for trigonal-prismatic coordina-
tion by the chalcogen atoms). One of these bands over-
laps the valence band. As a rule, the degree of filling
of the d bands determines the electrical properties of
the compounds. The dichalcogenides of W and Mo are
semiconductors, and those of Nb and Ta show metallic
conduction.

5) The layered structure is the reason for their ex-
tremely large crystalline anisotropy of properties, and
also the reason why the Brillouin zones which are
anisotropic in shape can be completely filled, while
overlap of bands (except that with the valence band)
does not occur.

6) We cannot treat the dichalcogenides of W, Mo,
Nb, and Ta as purely two-dimensional systems. This
is shown by the superconductivity found in these com-
pounds (especially in the c-axis direction) and its de-
pendence on the manner of stacking of the layers.

7) The compound WSe: in which a small part of the
W atoms has been replaced by Nb or Ta atoms is a
promising material for high-temperature thermoelec-
tric sources.

8) The layered structure is the reason for the in-
finitesimally small resistance to displacement of the
layers over one another. When combined with high ad-
hesion to metal surfaces, this causes the discussed
compounds to be materials with outstanding antifric-
tion properties, that do not require any action of the
surrounding medium to elicit them.

9) The dichalcogenides of Nb and Ta, and especially
those of W and Mo in which a small fraction of the W
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or Mo atoms are replaced by Nb or Ta atoms, show a
unique combination of good electrical and antifriction
properties, both in a high vacuum and in an atmosphere
of high humidity. For this reason, these materials are
extremely promising for applications for sliding elec-
trical contacts.

In concluding, we take the opportunity to express
thanks to R. A. Suris for aid in writing the article.
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