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The ligand-field splitting of d levels in trigonal-prismatic coordination is discussed in terms of crystal-field and
simple molecular-orbital calculations. It is found that d-covalency provides a stabilizing factor for trigonal-
prismatic coordination, as compared with octahedral coordination, for atoms with 4°, &' or d* configuration.
This effect qualitatively explains the occurrence of trigonal-prismatic coordination in strongly covalent 44 and
5d transition-metal chalcogenides, in which the metal atoms have d* or d* configuration. The same type of
arguments are used to explain the stability of trigonal-prismatic coordination of alkali metals in some inter-
calation compounds. The stability of structures with trigonal-prismatic coordination of d° anions, such as the
NiAs and MnP types, is also attributed to this effect. The physical properties of 4d and 54 transition-metal
dichalcogenides are correlated with schematic energy-band diagrams, which are consistent with the ligand-field
splitting of the d levels derived in earlier sections of this paper.

Introduction

Trigonal-prismatic coordination has received less
attention than, for instance, octahedral or tetra-
hedral coordination. This is probably due to the
fact that trigonal-prismatic coordination is rather
unusual in isolated complexes. Only in a few cases
trigonal-prismatic coordination has been established
in coordination compounds, for instance in the
complexes Mo(S,C,H,); (1), Re(S,C,Ph,); (2), and
V(S,C,Ph,); (3). Probably, it is also present in
several other tris(l,2-dithiolato) complexes of V,
Cr, Mo, W, and Re (4, 5).

However, trigonal-prismatic coordination is far
more common in solid compounds of transition
metals, as is shown by the following examples:

(1) The disulfides (6) and diselenides (7) of Nb,
Ta, Mo, and W, and «-MoTe, (7) have
layer structures with trigonal-prismatic
coordination of the metal atoms. The
iodide B-ThI, has a layer structure with
half of the metal atoms in trigonal-
prismatic, and half in octahedral coordina-
tion (8).
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Additional metal atoms may be intercalated
between the layers of NbX, and TaX,
(X =S8, Se), leading to phases of composi-
tions Nb,, X, and Ta,, X, (generally with
0<p<0.3), (6, 9); Cu,NbX,, Cu,TaS,,
AgprS2’ AngaSZ (Wlth pz%), (10’ 11)9
T,NbX, and T,TaX, (T =3d transition
metal; p=1% or }), (I2-16). In all these
compounds the coordination of Nb and Ta
(within the layers) is trigonal-prismatic.
The corresponding intercalation com-
pounds of Mo and W have not been
found.

Intercalation compounds A ,MoS, and
A, WS, (A = alkali metal; p = 1) exist, but
these compounds are highly reactive and
thermally unstable (/7). This is in marked
contrast with the compounds A,NbX, and
A,TaX, (A=Na, K; px%) which are
quite stable; again, Nb and Ta have
trigonal-prismatic coordination (78).

As a result of the structure of the NbX, or
TaX, layers in the compounds A 2NbX,
and A,TaX,, the environment of the
intercalated alkali metals A can be either
octahedral, trigonal-prismatic or tetra-
hedral. For X = Se trigonal-prismatic co-
ordination of the alkali metals was found,



for X =S both octahedral and trigonal-
prismatic coordination occur (/8). In the
related intercalation compounds A,TiS,
(A =Li, Na, K, Cs; p=0.8-0.5) the alkali
metals Li and Na have octahedral, K and
Cs trigonal-prismatic coordination; the
environment of Ti is octahedral in all cases
(19). (The NaCrS,-type structure recently
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compounds A,Pt,S¢ (A=K, Rb, Cs) and
isotypes also have layer structures with the
alkali metals intercalated between trigonal
layers S,Pt,S;; again the coordination
of K, Rb and Cs is trigonal-prismatic

@2n.

Both metal and nonmetal atoms have

trigonal-prismatic coordination in NbP,

TaP, NbAs and TaAs, which have struc-

tures of the NbAs type (7). The same is true

of phases with WC-type structures, such
as MoP (22), ZrS,_, (6), ZrSe, _,, ZrTe,_,

(23), HIS (24), HfSe (25), and possibly

TiS,_, (6).

(6) Trigonal-prismatic coordination of anions
is also found in several other structure
types, the most common being the NiAs
type and its derivatives (26), such as the
MnP type. Structures of these types are
known for many sulfides, selenides,
tellurides, phosphides, arsenides and anti-
monides of transition metals (7), but not
for oxides or nitrides.

)

These examples show that trigonal-prismatic
coordination is more common for 4d and 5d
transition-metal atoms than for 3d metal atoms (see
examples 1, 2, 3, and 5). In nearly all cases the metal
atoms with trigonal-prismatic coordination have a
formal configuration d' or d? (exceptions are MoP
and some nitrides and carbides of the WC type).
The alkali metals K, Rb, and Cs in the compounds
mentioned under (4) have the configuration
s2p%d°, or, briefly, d°; the same applies to the
anions with trigonal-prismatic coordination, men-
tioned in examples 5, 6 (again, nitrides and carbides
of the WC type are exceptions).

In some compounds trigonal-prismatic coordina-
tion is found at low temperatures, octahedral
coordination at high temperatures. This is the case
for the d° anions in MnSe and MnTe, which
compounds transform from the NiAs type to the
NaCl type at —13°C (27) and 1050°C (28), respec-
tively. In TaSe,, the coordination of the d! cation
18 trigonal-prismatic below 790°C and octahedral
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above 860°C, whereas at intermediate temperatures
the two types of coordination coexist within one
phase (29). Similar transitions (at somewhat higher
temperatures) are found in NbSe, (30). The transi-
tion of MoTe, at about 850°C, leading from
trigonal-prismatic to (distorted) octahedral co-
ordination of the d* cation, is accompanied by a

change from semiconducting to metallic properties
3N\

(21).

These transitions clearly demonstrate that tri-
gonal-prismatic coordination has the lower energy,
octahedral coordination the higher entropy in the
compounds concerned. In TaSe, the difference in
energy between the two types of coordination is
about 4 kcal/mol, the difference in entropy about
4 cal/mol-deg (32); for NbSe, somewhat lower
values were found (30).

In this paper several problems related to trigonal-
prismatic coordination of atoms are discussed, The
first question is why this type of coordination is
stable with respect to the more common octahedral
coordination, and in particular, why this is appar-
ently so only for atoms with configurations d°, d!,
and d2. Electrostatic considerations of Madelung
energy and Born repulsion show in all cases a larger
stability for octahedral coordination (33). However,
using simple molecular-orbital considerations, it
will be shown that d-covalency has a stabilizing
effect on trigonal-prismatic coordination of atoms
with d°, d!, or d? configuration.

There is difference of opinion in the literature
about the ligand-field splitting of & levels for
trigonal-prismatic coordination. Some authors (34,
35) assume the degenerate level e'*, others (7, 16, 36)
the nondegenerate level a;* to have the lowest
energy. Evidence presented in this paper, strongly
favours a[* as the lowest energy level of 4 electrons
in trigonal-prismatic coordination.

The order of the d levels has repercussions for the
interpretation of the electrical, magnetic, and
optical properties of the dichalcogenides of Nb,
Ta, Mo, and W. In a final section, available experi-
mental data [an extensive review was recently
published by Wilson and Yoffe (37)] are discussed in
terms of simple band-structure models.

Crystal-Field Splitting of d Levels

The simplest way to account for the splitting of
the d levels is by a crystal-field calculation. In
calculations of this type, the ligand atoms surround-
ing the central atom are replaced by point charges
Ze. The electrostatic potential ¥, caused by these
charges, can be expanded in a series of spherical
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F1G. 1. Trigonal-prismatic coordination; coordinate sys-
tems used in molecular-orbital calculations.

harmonics Y,"(0,¢). For a trigonal prism (Fig. 1),
one obtains (34, 38)

A

1/2
eV — 7( - ) Ar2 Y,90, )

+ 7(4m)12 Br* Y,%(6, ¢), 0))
with
2
A=(2)(3cos?b,—1) (%)
and

B 1 4 2 ezz
= (3%) (35cos* 8, — 30cos? 8, + 3) (—R5—) .

In the above equations R is the metal-ligand
distance, and 6, is the angle between the trigonal
axis and the line connecting central and ligand
atoms, see Fig. 1.

The d-electron wavefunctions of the central atom
can be written as R(r) Y;"(0,¢). The energy levels
FE,, are the diagonal matrix elements of eV, and
are given by

Eq =24r? + 6Br?,
E. = Ar? —4Br%,
E., =—2Ar? + Br%,

)
with
= f |R(r) |2 r**2 dr.
0

For all reasonable values of 6, and r2/r%, the
m=+1 level has the highest energy. However,
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whether the m=0 or the m=42 level has the
lowest energy, depends in a rather sensitive way on
the values of 6, and r2/r?.

The values of 8, observed in compounds of the
MoS, type, are close to the value 6, =49°6" (or
cos?f = 3) for an ideal prism (with all edges equal).
Values of r?/r* can be calculated if the radial part
of the wavefunction is known. Using simple Slater
functions (39), one finds that the m =0 and m = 42
levels lie close to each other for compounds of the
MoS, type. However, the use of better wavefunctions
[we employed the analytical approximations to the
numerical Hartree-Fock wavefunctions according
to Basch and Gray (40)] leads to an appreciable
splitting, with the m = £2 level (¢’) as the lowest
energy level.

This result is at variance with the interpretation
of the physical properties of MoS,-type compounds,
to be presented later. Generally, however, crystal-
field calculations are not expected to give a reliable
description of the ligand-field splitting. A molecular-
orbital calculation, indicating that the m =0 (a,")
level has the lowest energy, is given in the following
section,

Qualitative Molecular-Orbital Calculations

In this section a simple qualitative molecular-
orbital calculation of the Hiickel type is given for
trigonal-prismatic and octahedral coordination. In
first instance, only metal d orbitals and ligand p
orbitals are considered. The metal d orbitals are
expressed in a coordinate system, centered on the
metal atom, with z parallel to the trigonal axis
(Fig. 1). For each ligand i a coordinate system is
chosen with z; pointing in the direction of the metal,
and x; in the z — z; plane (Fig. 1). The ligand p
orbitals are o; (p orbital along z, axis), 7,; (along x;)
and m,; (along p;). The o; orbitals are responsible
for o, the =,; and m,, orbitals for 7-bonding. The
orbitals can be classified according to the irreducible
representations of the symmetry group Ds, of the
trigonal prism. The result for 4 and o orbitals is
given in Table 1.

First, all overlap integrals are neglected, and only
o-bonding is taken into account. The energy levels
then depend only on the angle 8,, on the energy
difference 4 between d and o orbitals, and on the
overlap energy V,, defined as V,= [ ¢,/ Ho;db,
where ¢, is a metal d function constructed in such
a way that it has maximum overlap with the o,
orbital of ligand i, see Fig. 2.

In order to carry out the calculations, the orbitals
¢"(r,0,4) are transformed into new orbitals
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TABLE 1

d AND o ORBITALS IN A TRIGONAL PRIsM [e = exp(27i[3); €* = exp(—27i[3)]

Metal, ¢," Ligand functions, ¢.™ vV,
Ay &40 6 Y2g, + 0y + 03 + a4 + a5 + 0g) 32 (3cos? by - 1)V,
Ay — 67 Y2(a, + a1 + 03 — 04 — 05— 0g) Nonbonding
E ¥ 67120, + €ay + €* a3 + 04 + €a5 + €* ag) 36in2 60V
22 671%(a, + €* 0, + €03 + 04 + €* a5 + €0¢) | 2 07
! 67 V2(g, + €* 0, + €03 — 04 — € 05 — €0¢) .
E” $a ! 4 s Isinfycos 8, V,
¢! 6 Vg, + €0y + €* 03 — 04 — €05 — ¥ o)} - 0 °re

FiG. 2. Overlap between metal d orbital and ligand o
function.

m(r,6;,¢;), which are functions of the polar
coordinates 8,, ¢, of a coordinate system with axes
parallel to x, y; z;:

‘;{’am(", 6, ‘}5) = % Am(00i5 9{’0i) ‘;{’Q"'("’ 6;, 9{%) €)]

The transformation coeflicients 4,,,, depend on
the coordinates 8y, ¢o; of ligand i. The ligands are
numbered as shown in Fig. 1. For these ligand
positions

0o, = 902 = 903 =0y, 904 = 905 = 906 = 180° — 90,
‘f’m = ¢>04 =0, ¢>oz = ¢os = 120°, ¢03 = ¢’06 = 240°.
The coefficients 4,,, are given by
47 1/2
Amo = (3‘) Y2m(00i7 ¢0i)' (4)
The overlap energy ¥,,™ of ¢,™ with a ligand function

¢L=;ai0i

is given by
Vor = [ $am Hbrdo =3 a, [ $an Hoyds. (3)

Substitution of Eqgs. (3) and (4) gives

4 1/2
Vo= ; a; (?ﬂ) Ve Y3 (805 doi)- (6)

From this equation the matrix elements V,™ are
easily obtained; the results are included in Table I.
As each d function has a nonvanishing matrix
element with only one ligand function, the eigen-
values of the energy are given by

Em— AL {{l a3 ()

The results are given in Table II.

By rotating one triangle of ligand atoms over an
angle of 60°, the trigonal prism is transformed into
a trigonally distorted octahedron (symmetry Ds,).
The energy levels for this coordination can be
expressed in the same way in terms of the overlap
energy V. The results are given in Table III. For an

TABLE 1T

ENERGY LEVELS FOR A TRIGONAL PRIsSM (o-BONDING ONLY;
ANTIBONDING AND NONBONDING LEVELS ARE INDICATED BY
AN ASTERISK AND BY #b, RESPECTIVELY)

E(e"™) = 44[-1 + (1 + a3)"?]
E(")=34[-1 + (1 + @2)'"?]
E(a,*) =441+ (1 + ))'?]
E(ay")m=—4
E(@)=44[-1-(1 + a)"'?]
E()=34[-1 - (1 + ap)'?]
E() =34[-1 - (1 + 23)'?]
with
o, = 6(V,/4)* (3cos? B, — 1)?
oy = NV ,{4)*sin* 6,
a3 = 36(V4/4)?sin? §; cos? 6,
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TABLE III

ENERGY LEVELS FOR A TRIGONALLY DISTORTED OCTAHEDRON
(TRIGONAL ANTIPRISM); o-BONDING ONLY. THE EQUATIONS
FOR «;, @3, AND o3 ARE GIVEN IN TABLE 11

E(e,*) =341+ (1 + a3 + a3)"?]
E(a,g*)=34[-1+Q + «)'?)

E (eg)nb =0
E (a2u)nb =-4
E (eu)nh =-4

E(aig) =34[-1 — (1 + a1)'?]
E(eg) =341 — (1 + oz + o3)'?]

ideal octahedron (cos?f,=14; symmetry O,) the
a,, and ¢, levels coalesce into the t,, level. In Fig. 3,
the energy levels for an ideal trigonal prism
(cos?f, = %) and an ideal octahedron (cos?8, = %)
are compared.

The effect of w-bonding was also investigated.’
The contributions of m-bonding can be expressed in
terms of an overlap energy

Vo= [ ¢t Ha'r* db,

! Details of these calculations are given in Ref. 32.

Q*
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free trigonal octahedron
fons W|Sm

F1G. 3. Energy levels for an ideal trigonal prism (cos? 6, = 2
and an ideal octahedron (cos?f, =1) for ¥V,/4=1; only
o-bonding is taken into account.
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FiG. 4. Ligand-field splitting of d levels for ideal trigonal-
prismatic coordination as a function of increasing #-bonding
(the curves are for the case V, = 4).

where ¢4 *! and #'-*! are d orbitals of the central
atom and p orbitals of ligand i, respectively, with
magnetic quantum numbers m’ =+1 with respect
to the metal-ligand i direction. The result of these
calculations is given in Fig. 4. For o-bonding only,
the a,* level is the antibonding level with the lowest
energy. Increasing w-bonding, however, decreases
the energy difference between the a;* and e'* levels.

Semiempirical Calculations for MoS,

Semiempirical calculations of the Hiickel type
were carried out for the ligand-field splitting of d
levels in MoS,. Analytical approximations to the
numerical Hartree-Fock wavefunctions, given by
Basch and Gray (40), were used for the radial 4d
functions of Mo. For the 3s and 3p valence orbitals
of sulfur SCF functions tabulated by Clementi (41)
were used. The overlap integrals calculated with
these functions for a Mo-S distance of 2.409 A are
S(4d, — 35)=0.140, S(4d, —3p,)=0.153, and
S(4d, — 3p,)=0.112. The 4d, and 44, orbitals are
d orbitals with orbital quantum numbers m' =0
and m’ = +1 with respect to the metal-ligand axis.
From these S values the group overlap integrals
were calculated (42, 32); the results are given in
Table IV.

For the Coulomb integrals, the negative values
of the valence-state ionization energies (VSIE)
were used. In order to take account of the electronic
repulsion, a procedure proposed by Viste and Gray
(43) was followed. The spectroscopic data from
which VSIE values are obtained, have been given
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TABLE 1V

GROUP OVERLAP INTEGRALS FOR A Mo0Ss TRIGONAL PrisM
WITH 0, = 49°6" AND R = 2.409 A

Gla,yas = 0.049
G(a,’) o, = 0.054
Glay) m, = —0.235

G(¢') 75 = 0.120
G(e'y o, =0.131
G(e'y m, = 0.096
G(e') my = 0.148

G(e”) o5 = 0.208
G(e") o, = 0227
G(e") m, = —0.028
G(e”) m, = 0.127

by Moore (44). From these data, the VSIE values
of Mo, Mo™, Mo?*, and Mo** were found to be
6.0, 15.6, 28.2, and 46.5 eV, respectively. For the
actual calculation a charge of +0.5 was chosen. By
graphical interpolation this charge leads to a
Coulomb integral for the d orbitals of H;=-10.4
eV. For the energy of the p electrons of sulfur, the
first ionization potential of H,S, equalto H, = —10.4
eV (45) was used.? According to Moore’s tables, the
3s orbitals of sulfur lie about 9 eV below the 3p
orbitals, so that H,=—19.4 eV.

The off-diagonal elements are approximated with
the Wolfsberg—Helmholz equation

H;;=3FG,(H;; + Hy));

for F the value of 2 was chosen (46).

From the calculations we found the e’* and e”*
levels to be situated at 0.3 eV and 1.9 eV above the
a; level, respectively. This result agrees with
calculations by Anzenhofer et al. (16).

The d orbitals used in these calculations are the
orbitals for neutral atoms. These functions have an
appreciable amplitude in regions where the ampli-
tude of the p,-functions is negative. As a consequence
of the charge distribution in the actual compound,
the d orbitals are expected to have a smaller spatial
extension than the orbitals for the neutral atoms.
A reduction of the spatial extension of the d orbitals
will reduce the = overlap integral, but will enhance
the o overlap. Consequently, the contribution of
m-bonding is overestimated, that of o-bonding
underestimated in calculations with neutral-atom
d functions. Therefore, the energy distance between
a;’ and e levels is expected to be larger than
0.3 eV (cf. Fig. 4 for the influence of w-bonding).

The spectrum of MoS; shows negligible absorp-
tion for energies smaller than 1.35 eV (47). Thus, the

2 This choice is analogous to taking the first ionization
potential of H,O for calculations on oxides (43).

ai" —e'* separation is at least 1.35 eV, which
indicates indeed that the calculations given above
overestimate the contribution of =-bonding. If
m-bonding is completely neglected, the calculations
lead to more reasonable values, the ¢* and e"*
levels lie at 1.3 and 2.5 eV, respectively, above the
ai” level. Figure 4 shows that moderate =-bonding
has little influence on these values.

In the calculations we have not considered the s
and p orbitals of the metal. These orbitals have a
large influence on the bonding levels, but only a
minor, indirect effect on the antibonding d levels,
so that the effect of these orbitals on the ligand-field
splitting is expected to be small (48).

Thus, semiempirical calculations for MoS, show
that the a;* level is the lowest d level. A calculation
taking into account o-bonding only, leads to
reasonable values for the ligand-field splitting;
moderate m-bonding modifies these results only
slightly. This indicates that the qualitative con-
siderations of the previous section are fairly
realistic for compounds of this type.

Electron Repulsion and Spin-Orbit Coupling

In this section we discuss first the effects of
electron—electron repulsion for a metal atom with
a d? configuration in trigonal-prismatic coordina-
tion (49). The strong-field configurations with the
lowest energies are (a7")? (i.e., two electrons in the
a;" orbital), (a;)!(e’*)! and (¢)?; the ligand-field
energies are 0, 8, and 29, respectively, if § represents
the separation between the one-electron e’* and
a," levels. The electron-repulsion energies of the
various terms can be expressed in terms of the
Racah parameters 4, B, and C. The total term
energies are given in Table V; in Fig. 5 the reduced
energies (E — A)/B are plotted as a function of §/B
(the ratio C/B was taken equal to 4). The results
show that for &/B> 24, the diamagnetic 'A4,’
term is the ground state for the 42 ion.?

For the free Mo** jon the Racah parameter B is
0.08 eV (50). From general trends of the nephe-
lauxetic ratio S5 in octahedral complexes (51), we
estimate the parameter B for the a;° level of Mo**
in MoS, to be of the order of 0.04-0.05 eV. This is
consistent with our previous assumption of an
effective charge of +0.5 for the metal atoms in
MoS,; if this charge is substituted in an empirical
relation (57), which gives B as a function of the
electron configuration and the effective charge, we

3 For small values of §/B the two 'A4,’ terms will mix, but
this is of little concern for our problem.
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TABLE V

STRONG-FIELD TERM ENERGIES FOR A d? ION IN TRIGONAL-
PRISMATIC COORDINATION

Strong-field

configuration Term Energy
@y 14, A+4B+3C
@’e™ 3E’ A—8B+34
1E’ A—4B+C+3d
"y 14,7 A+4B+2C+28
34, A+4B+28
1E’ A+4B+2C+28

find B=0.046 eV. Since & in MoS, is at least 1.35
eV, we find &/B>30. Therefore, one expects
MoS, to have a diamagnetic ground state '4,’, in
agreement with observation.

For ions with configuration 342, however, the
Racah parameter B is much larger, while § is
smaller than for 4d or 5d elements. Therefore, 8/B
will be smaller than the critical value of 24, and a
paramagnetic ground state 3E’ is expected for
3d? ions in a trigonal prism. It will be shown
below, however, that in such cases (distorted)
octahedral coordination is expected to be more
favourable.

The spin-orbit splitting of the 4 levels in trigonal-
prismatic coordination is shown in Fig. 6; the
degenerate levels e’* and e”* are split by 2¢ and £,

(E-A\ ) A]
B 100"
T 37
80f
60} 1E'
40r 3/
20f 1A1I
0/
-20f

0 20 30 40 %0
_5 54

F1G. 5. Energy of strong-field terms for a 42 ion in trigonal-
prismatic coordination (for C/B = 4).?

- e - -
ml-i‘l —_— ;g 11/2

5
m,_+ e'* /’_A-_:/z
2 2T
~ 1/2
al*
my =0 L . 0

FiG. 6. Spin-orbit splitting of d levels in trigonal-prismatic
coordination.

respectively. The one-electron spin-orbit coupling
parameter £ is not known very accurately for 4d
and 5d elements; for Mo** and W** ions values of
0.106 and 0.28 eV have been reported (50, 52). In
actual compounds these values will be different as
a result of covalency.

Stability of Trigonal-Prismatic Coordination

In this section an attempt is made to explain the
stability of the trigonal-prismatic coordination. The
discussion is based on the qualitative molecular-
orbital calculations given above. A preliminary
remark, however, is necessary. It is well known
that reliable values for the total energy cannot be
obtained from simple molecular-orbital calculations.
This is because in such a one-electron mode! the
electron—electron interactions are not properly
taken into account. Thus, a summation of the
energies of occupied one-electron energy levels is
of little significance for the total energy. This is,
however, not necessarily so for energy differences.
For a comparison of a trigonal prism and an
octahedron, one expects that most of the electron-
repulsion energies will be very similar in the two
systems. The most important difference will be due
to a different anion-anion repulsion; this energy
favours the octahedral coordination.

For atoms with a d° configuration, only the
bonding and nonbonding levels are occupied. The
contribution of d covalency to the energy difference
(E, — Ep)eov between an ideal trigonal prism
(cos?f, = 3) and an ideal octahedron (cos?8, = %)
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for a d° central atom is easily calculated from the
data of Tables IT and II1. The result is

(E, — Eg)eov = 4 {3 F 21+ 1282 — [1 N (%})]1/2
s
2l (5] ®)

with 8 = (V,/4)?, if the same values of ¥, and 4 are
used for the two systems.

There is experimental evidence that the metal-
ligand distance is approximately the same for the
two types of coordination. Brown and Beerntsen
(53) determined Ta-Se distances in different
polymorphs of TaSe,, and obtained values of
2.59-2.60 A for trigonal-prismatic coordination,
and 2.58 A for octahedral coordination of Ta.
In B-ThI, (8) half of the metal atoms have six iodine
neighbours at a distance of 3.22 A arranged in an
octahedron, while the other half of the metal atoms
have six iodines at 3.20 A in a trigonal prism. These
data suggest that the assumption of equal para-
meters V¥, and 4 for the two types of coordination is
reasonable.

In Fig. 7, (E, — Ey)..y 18 plotted as a function of
the parameter (V,/4), which is a measure of
d-covalency. Since (E,— Ey).,, 15 negative, the

(EP"ED)
A cov
T 0
3 . .
d” (high spin}
-5}
d® Clow spin)
d?(high spin)
42 (low spin)
~10 d'
dO
0 5 10 15 20

_— VO-/A

Fic. 7. The contribution of d-covalency to the energy
difference between trigonal-prismatic and octahedral co-
ordination of the central atom, as a function of the covalency
parameter V,/4.*

d-covalency stabilizes trigonal-prismatic coordina-
tion with respect to octahedral coordination.

The contribution of electrostatic interactions
between the ions to the energy difference E, — E,
is positive, i.e., the Madelung energy favours
octahedral coordination (33). In ionic compounds
the contribution of the Madelung energy will
dominate, and octahedral coordination is expected.
In strongly covalent compounds the contribution of
d covalency may stabilize the trigonal-prismatic
coordination.

Several examples of d° anions in trigonal-
prismatic coordination have been given in the
introduction of this paper. The stabilization of the
trigonal prism by increased covalency is well-
illustrated by the following manganese mono-
chalcogenides: MnS has a NaCl-type structure;
MnSe has the NiAs type up to —13°C and the NaCl
type at higher temperatures; while in MnTe the
NiAs type is stable up to 1050°C. Examples of d°
cations of the alkali metals in trigonal-prismatic
coordination have also been given. The preference
for trigonal-prismatic rather than octahedral co-
ordination increases with increasing atomic number
of both the alkali metal (d level easier accessible,
i.e., smaller value of 4) and the chalcogen ligand
(more covalent bonding), as is to be expected.

The energy difference (£, — Ej).., for ions with
configurations d" (n=1,2,3,...) can also be
calculated from the data given in Tables II and IIT
(see Fig. 7). For d? and d° ions in a trigonal prism
both the low-spin and the high-spin configurations
are compared with the high-spin configuration in
an octahedron.*

Taking into account that the Madelung energy
favours octahedral coordination, it is seen from
Fig. 7 that trigonal-prismatic coordination is most
likely in predominantly covalent compounds of ions
with configurations d°, d', and low-spin d2; it is
less likely for ions with high-spin d? and low-spin
d? configurations, and it is not expected for high-spin
d? ions and ions with more than three d electrons.

The transition metals in trigonal-prismatic co-
ordination given in examples (1) and (5) of the
introduction nearly all have configurations d' or
low-spin d2. In the intercalation compounds
M_,NbX, and M,TaX, (M =Nb, Ta, Cu, Ag,
3d-transition metal, alkali metal; X =S, Se) of
examples (3) and (4), the electron configuration of

4 The effect of electron repulsion is neglected in Fig. 7.
This effect decreases the stabilization of the prismatic
coordination of low-spin 42 and d4° ions; the corrected
stabilization will lie between the curves for the low-spin and
high-spin configurations given in the figure.
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Nb, Ta is between d! and d?, and the coordination
is trigonal-prismatic. In the corresponding com-
pounds of Mo and W the configuration would be
between d? and d?; these compounds are unknown,
except for the very unstable intercalation com-
pounds of the alkali metals and for CoMo,S, where
Mo has a distorted octahedral coordination (54).

In the following we shall discuss the dichalco-
genides of Nb and Ta (d') and of Mo and W (d?)
in some more detail; we remark that the d* metal
atoms in ReS, (47) and ReSe, (55) have (strongly
distorted) octahedral coordination.

Physical Properties of the Dichalcogenides of Nb, Ta,
Mo, and W

The magnetic, electrical and optical properties of
the dichalcogenides of Nb, Ta, Mo, and W have
been studied in considerable detail (37). The
disulfides and diselenides of Mo and W are dia-
magnetic semiconductors, whereas the disulfides
and diselenides of Nb and Ta are metallic and pauli-
paramagnetic. MoTe, undergoes at about 850°C a
phase transition from a semiconducting a-phase
with trigonal-prismatic coordination to a metallic
B-phase in which the metal atoms have a distorted
octahedral coordination (37). These data show that
the electrical properties of these compounds depend
on the number of d-electrons and on the coordina-
tion of the metal atoms. In this section we shall try
to interpret the gross physical properties in terms
of schematic energy-band models.

The physical properties of transition-metal
compounds depend to a large extent on the ligand-
field splitting of the metal 4 orbitals. In solids the 4
levels broaden into narrow energy bands, which, if
partly occupied, lead to metallic conductivity by d
electrons. Other electronic states, derived from the
outer s and p orbitals of metal and ligand atoms,
should also be considered. These states give rise to
broad energy bands: a valence band consisting
mainly of s and p orbitals of the anions (bonding
states), and a conduction band (mainly s and p
orbitals of the metal, antibonding states).

From molecular-orbital calculations we expect
that the nondegenerate a;" level has the lowest
energy of the d levels in trigonal-prismatic co-
ordination. The physical properties also favour this
conclusion. For the dichalcogenides of Mo and W,
therefore, a diamagnetic (a;")? — '4,’ ground state
is expected, leading to diamagnetic semiconductors,
as is observed.

Goodenough (35) proposed a ligand-field splitting
for trigonal-prismatic coordination with ¢ as

the lowest d level. For atoms with d2 configuration,
this would lead to metallic conductivity, as a result
of the partial filling of the ¢’* band. In order to
explain the semiconducting properties of the
disulfides and diselenides of Mo and W, Good-
enough takes into account the spin-orbit splitting
of the ¢’* band. The two d electrons would occupy
the m; =43 level. This model leads to a semi-
conductor; however, the energy gap would corre-
spond to the energy difference between the m; = +3
and m; = +3 levels derived from e’*. The observed
optical band gap of MoS, is about 1.35 eV (47),
which is much larger than the expected spin-orbit
splitting of the e’* level.

According to Wilson and Yoffe (37), the a;" — e’
energy difference (in their nomenclature: 4> and
d/p bands) in MoS, is about 0.2 eV. They report a
weak infrared absorption edge at 0.2 eV, with
absorption coefficients «~200 cm™!. However,
a;’ —e'" transitions are allowed electric dipole
transitions, and are expected to have an appreciable
oscillator strength, leading to much higher values
of «. Moreover, in recent experiments (47) no
absorption edge at 0.2 eV could be detected in
MoS,. Therefore, in our opinion, the semiconducting
and optical properties of MoS, and similar com-
pounds are consistent only with an energy-level
scheme with the ¢’* and e"* levels at more than 1 eV
above the doubly occupied a;" level.

In the dichalcogenides of Nb and Ta, the metal
atoms have a d' configuration, leading to a partly
filled narrow a;' band. This explains the metallic
conductivity of these compounds.

For a distorted octahedral coordination, as is
found in 8-MoTe, and WTe, (symmetry approxi-
mately C,,), the lowest d level is a degenerate e*
level (49); the metallic conductivity is a consequence
of this partly occupied e* band (31).

For a discussion of the physical properties of the
transition-metal dichalcogenides, the position of
the narrow d bands with respect to the broad
valence and conduction bands should be considered
(56, 57). Data, to be presented below, indicate an
overlap of the valence band with the a;’ band, and
an overlap of the conduction band with the ¢’* band
in the dichalcogenides of Nb, Ta, Mo, and W with
trigonal-prismatic coordination of the metal. This
leads to energy-band diagrams of the type shown
in Fig. 8.

Data on Hall and Seebeck effects of TaSe, and
NbSe, indicate a mixed type of conduction, i.e.,
by electrons and holes (58, 59). Similar conclusions
were obtained from studies of the transport proper-
ties of NbS, and Ta$S, (60, 61). This indicates that
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F1G. 8. Schematic energy-band diagrams for the dichalco-
genides of Nb, Ta, Mo, and W with trigonal-prismatic
coordination of the metal. The energy E of the electronic
states is plotted as a function of the density of states N(E).
States occupied by electrons are hatched; V = valence band,
C = conduction band.

in these compounds the valence band overlaps the
narrow a; band, in accordance with an energy-
band diagram as drawn in Fig. 8(a).

The mobility of holes in p-type MoS, is of the
order of 100 cm?/V-sec (37) at room temperature;
similar values are obtained for the mobility of holes
in nontransition-metal compounds such as ZnS
(62). In the latter compounds the holes occupy
states of a broad valence band. If p-type conduction
in MoS, were due to holes in a narrow a;" band,
the mobility would presumably be much lower.
Thus, the high mobility of holes in p-type MoS,
indicates that the top of the valence band lies above
the narrow a;" band.

In a similar way the high mobility of electrons in
n-type MoS, (37) indicates that the electrons occupy
states in the broad conduction band, and therefore,
that the bottom of the conduction band lies below
the e and e”* narrow bands.’ From data on the
Seebeck effect (37) one can estimate the effective
mass of the electrons; the result m* ~ m, again
indicates conduction by broad-band electrons.

* In magnetic semiconductors, charge carriers in a broad
energy band may have a low mobility (of the order of 1
cm?/V-sec) as a result of spin-disorder scattering (57).
However, this scattering mechanism is not present in dia-
magnetic semiconductors. Therefore, one expects high
mobilities of broad-band charge carriers in diamagnetic
semiconductors.
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Thus, for MoS,, the energy-band diagram is
presumably of the type sketched in Fig. 8(b). In
the selenides and tellurides the gap between valence
and conduction band is expected to be smaller, as a
consequence of the smaller electronegativity of the
anions; this makes an overlap of the valence band
with the @}’ band, and of the conduction band with
the e and e”* bands even more probable. More-
over, the large values of the mobilities, observed in
n- and p-type WSe, (63), also indicate conduction
by charge carriers in broad bands.

Absorption spectra of the dichalcogenides of Mo
and W show an absorption edge at about 1 eV,
and at least two strong absorption peaks A and B
at higher energies (37). We propose that the edge
absorption in MoS, at 1.35 eV (47) is due to
transitions from the valence band to the conduction
band, and that the absorption peaks 4 and B are
due to transitions from the a}" band to the two levels
m;=% and m;=3% of the ¢ band. One-electron
electric dipole transitions from ai" to e are
allowed for light polarized perpendicular to the
trigonal axis. The transition probability for such
transitions is expected to be appreciable, as a result
of the strong covalency and the absence of an
inversion center. Indeed, the observed oscillator
strength of the peaks 4 and B [f~ 5 x 1073 (37)]
is comparable with the oscillator strength of spin-
allowed ligand-field transitions in tetrahedrail
complexes [e.g., CoCl?, f~ 5 x 1073 (50)].

As the splitting of the ;" to e’* transition into
two peaks A and B is attributed to spin-orbit
splitting of the e’* band, one expects the oscillator
strengths of the two peaks to be equal, as is indeed
observed (37). From the spin-orbit coupling para-
meters of free Mo*" and W** ions one calculates
splittings of 0.212 and 0.56 eV, respectively. These
values are compatible with the observed A4-B
splittings of 0.20 ¢V (MoS;) and 0.37 ¢V (WS,)
(37). In the selenides and tellurides the A-B splittings
are larger (37); we attribute this to a contribution
of the spin-orbit coupling of the ligand p-orbitals.
The strong covalency of selenides and tellurides
leads to a strong mixing of d-orbitals with anion
p-orbitals. The spin-orbit coupling of p-orbitals of
Se and Te is quite large—§,, . =028 eV;
Espre =0.56 eV (52). Therefore, d—p mixing might
result in an appreciable increase of the spin-orbit
splitting of the ¢'* band.
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