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The  Transit ion Metal  D i c h a l c o g e n i d e s  

D i s c u s s i o n  and Interpretat ion of  the Observed Optical ,  Electr ica l  
a nd  Structural  Properties 

By J. A. WILSON and A. D. YOFFE 
Cavendish Laboratory, Cambridge 

A B S T R A C T  

The  t r ans i t i on  m e t a l  d ichalcogenides  are  a b o u t  60 in n u m b e r .  Two- th i rd s  
of  these  a s s u m e  layer  s t ruc tu res .  Crys ta l s  of  such  ma te r i a l s  c an  be c leaved  
down to less t h a n  1000 ~ a n d  are  t h e n  t r a n s p a r e n t  in t he  region of  d i rect  
b a n d - t o - b a n d  t r ans i t ions .  The  t r a n s m i s s i o n  spec t r a  of  t h e  f ami ly  have  
been  corre la ted  g roup  b y  group wi th  t he  wide r ange  of electr ical  a n d  
s t r u c t u r a l  d a t a  ava i lab le  to yield usefu l  work ing  b a n d  mode l s  t h a t  a re  in 
accord w i t h  a molecu la r  orbi ta l  approach .  Several  special  topics  h a v e  ar i sen  ; 
t hese  inc lude  exc i ton  screening,  d - b a n d  fo rmat ion ,  a n d  t he  m e t a l / i n s u l a t o r  
t r a n s i t i o n ;  also m a g n e t i s m  a n d  s u p e r c o n d u c t i v i t y  in such  compounds .  
H igh  pressure  work  seems  to offer t he  poss ibi l i ty  for t e s t ing  t he  r ecen t  t h e o r y  
of  exci tonlc  insu la tors .  
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§ 1. INTRODUCTION 

T~f]~ work has centred on the layered transition metal dichalcogenides of 
groups IV, V, VI and VII,  but  the non-layered compounds of group VI I I  
are incorporated into ~his discussion for purposes of comparison and 
contrast (see table 1). 

IA Ib, IlIA IVA VA VIA Vlh 0 
Periodic Table 

IIl~ IVB V~ VI~, VlIaVlII~VlIl~Vlll~ IB lIB 
KI9 Ca20 Sc21 Ti2~ Vz3 Cr24 Mn2~ Fe 26 Co ~7 NiZS Cu:O Zn 30 GaaZ GeaZ As 33 Se 34 Br35 Kr36 

3d 3ff  z 3d a 3d 5 3d 5 3d 6 3d 7 3d s 3d t° 3d 1° 
4s 4s 2 4s = 4s 2 4s = 4s 4s 2 4s z 4s = 4s 2 4s 4s 2 4s24p 4s=4p 2 4s24p "~ !4s24p~ 4s24p 5 4sZ4p ¢ 

Rb37 sraa y39 Zr40 Nb 4] M042 Tc43 Ru44 Rh45 pd4e Ag4r Cd4S 1n49 SnSO SbSl =Te~Z 153 Xe54 

4d 4d = 4d 4 4d ~ 4d 6 4d 7 4d s 4d 1° 4d m 4d 1° 
5s 5s z 5s 2 5s 2 5s 5s 5s 5s 5s - 5s 5s z 5s~5p 5s25p z 5s25p 3 5s~5 /  5s~5p "~ 5s25p ~ 

0s55 Ba~61ka~r Hfr2 Ta ra W TM Rer~ Osr~ Irr7 ptrs Aur9 HgSO TlSl pbs~ IBIS3 poS4 AtaZ RnSS 
4fl  ~ 

5d 5d ~ 5d a 5d ~ 5d ~ ~15d6 ,Sd ~ 5d 9 5d m 54 ~° 
6s 6s~ 6s~ 6s~ 6sZ 6s2 6sZ L 6s2 l -  6s 6s 6s ~ 6s~6p 6s26p ~ 6s~6p ~ 6s~6p ~ 5sZ6p ~ 6s26p ~ 

Ce58 pp9 Nd~O pm~t Sm6~ £u~3 Gd ~ !Tb65 iDy68 Ho~7 Er ~ Tin69 yb7o Lu n 
4 f  z 4/3 4f '  4p 4p 4) "t 4y  '4f s 4/"n° 4 p '  4/'z ¢p3 4~4 4p,J 

5d 15d 5d 
• 6s2 6s 2 6s 2 6s 2 6s 2 6s ~ 6s 2 5s 2 6s 2 6s z 6s 2 5s2 6s 2 6s 2 

ThgO pagl U 92 Np93: pu 94 Amg~ Cmg~ Bk97 CpS Es99 FmtOO MdlOl Lwl03 
5ja 5p 5f 4 5] ~ 5p 5 f  

6d 2 6d 6d 5d 
7s ~ 7s 2 7s ~ 7s 2 7s 2 7s ~ 7s 2 
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The TX 2 layer materials form a structurally and chemically well- 
defined family. Electrically, however, they cover a wide spectrum of 
properties, from an insulator like HfS2, through semiconductors like MoS 2 
and semi-metals like WT% and TeSs, to true metals like NbS~ and VSe 2. 
Several of the materials such as TaTe2, WTe s and l~eS% show structural 
distortions tha t  throw their properties out of line as compared with their 
undistorted analogues. 'Domains '  have been observed in NbTe 2 and 
TaTe s reminiscent of the deformation twinning observed in VO s below 
68°c. 1T-TaS s and 1T-TaSc s present a greater problem as their structure 
appears undistorted when examined by x-rays. Accordingly they should 
be metals, like VSe s, but  in fact they behave optically and magnetically as 
semiconductors. Electron microscope diffraction patterns do, however, 
indicate some type of superlattice. All the Nb and Ta materials, whether 
distorted or not, are superconducting, and the truly metallic ones also show 
band antiferromagnetism below about 150°2. 

In  order to illuminate the origin of these unusual properties more fully, 
an investigation has been made of the optical properties. Detailed trans- 
mission spectra were obtained in the range 0.5-5 ev from cleaved crystal 
specimens. Collectively, these allow band models to be set up for the whole 
range of compounds. The structural, optical and electrical properties are 
well accommodated. The diversity of properties arises through the exis- 
tence of non-bonding d bands and the degree to which they are filled. In 
these diehalcogenides the d bands are quite wide ( ~ 1 ev) and lead to room 
temperature mobilities ~ 100 cmS/v-sec. Contrast is made between these 
materials and the layer dihalides, for which there is a progressive delocaliza- 
tion of the d electrons from say MnI 2 through l~eI s and NiI~ to TiI s. I t  seems 
possible that  this latter material may undergo a semiconductor to metal 
transition of the Mort type on cooling. The binary layer compotmds are in 
fact ideal for investigating the course of d-band formation since the metal 
atoms lie in well-defined hexagonal sheets. 

The basic atomic structure of loosely coupled X - M - X  atom sheet 
sandwiches makes such materials extremely anisotropic, both mechanically 
and electrically. The conductivity perpendicular to the planes is down by 
a factor of at least 103 on tha t  in the planes for MoSs, etc., and there is some 
evidence that  the carriers move by hopping rather than a band mechanism 
in the former direction. Thermal conductivity likewise is low perpendicular 
to the layers. In layer structures, moreover, the charge carriers and 
phonons seem to couple in a unique fashion. 

In order to view these materials in the wider context of layer materials in 
general, the behaviour of the non- t rans i t ion  metal layer compounds 
has also been considered. Preliminary band schemes for several such 
compounds, e.g. GaS, BisT% and SnSe s, are available and a good deal of 
data has been amassed on the first two. The families of GaS, CdI s and 
BiI s show excitonic absorption which makes for useful comparison with the 
excitons of the MoSs (group VI) family. These exeiton states are inter- 
esting in their own right. For MoSs, etc. they are of rather small radius 



Transition Metal Dichalcogenides 197 

and  are r emarkab ly  stable to  pressure, t empera tu re  and crysta l  composi-  
tion. Only ve ry  high concentra t ions  of  Ta  or Re  ( N 1 at. ~o) will lead, in 
say WS%, to  a screening ou t  of the  excitonic binding interact ion.  

The non- layered  half  of  the TX~ dichalcogenide fami ly  (p ro to type  
FeS2) is equal ly if no t  more var ied in p rope r ty  f rom one member  to  the n ex t  
t ha n  t ha t  of the  layered  compounds.  Indeed,  it  is the progressive filling, 
within a given s t ruc ture  type ,  of the  nar row non-bonding  d bands,  coupled 
with the  increasing m e t a l - m e t a l  a tom orbi tal  overlap be tween the  3d and  
4d or 5d members ,  which gives the  family  as a whole a mos t  interest ing 
divers i ty  in uni ty .  

Fig. 1 

(a). , . ~ X Sandwich of 

General ~ ~  M 'Ant on'and Cat ton' sheets, 

X 
form. 

* van der Waals gap. 
(in section) X 

X 

(b). Coordination units for MX 2 layer structures. 

M, 

X 

AbA 
trtgonal prism 

(c), Further types of,sandwich (1150 sections). 

,'-" X - ~  × 

~.~ • X 

octa. trig. pr. 
CdI 2, CdC12 MoS 2, NbS 2 
types, types. 

X 
AbC 

octahedron, 

~ X 
M 

M 

GaS, GaSe. 

Set of sftes 
2 only ~ occupied leading 

to honeycomb array° 

Bt2Te 3. BfI 3, CrC13. 

Basic form of layer compounds. 



198 J. A. Wilson and A. D. Yoffe on the 

§ 2. THE STRUCTURES OF THE TX 2 ~)ICHALCOGEI~IDES 
AN]) ~ELATED MATERIALS 

The structures of the TX 2 dichalcogenides (see table l) fall into two 
distinct classes--layered and otherwise. The layered materials arise 
from the stacking of hexagonally packed planes (not close packed) in the 
sequence shown in fig. 1 (a). 6:3 coordination results, tha t  around the 
metal atoms being either trigonal prismatic (e.g. MoS 2, l~bS~) or octahedral 
(e.g. HfS~, PtS~). The coordination around the non-metal  is quite lopsided, 
and this leads to the marked cleavage properties perpendicular to the 
hexagonal/trigonal symmetry  axis (z). Several stacking polytypes exist. 
The commonest stacking of NbS2 is one never adopted by the MoS s group 
VI family. Figure 2 contrasts the structures of the simplest polytypes, 
both in three dimensions and plan, whilst fig. 3 gives 11~0 sections for most 
polytypcs so far reported in groups V and VI (Jellinek 1963, Haraldsen 
1966, Zvyagin and Soboleva 1967). Several of the TX~ materials occur 
with layer structures that  are distorted in some way. The group VIII  

Fig. 2 

2N-MoS 2 (c 7) 2H-N bS2 1 S- Cd [z(C 6) 

'~" 

GROUP P6Jmm¢- D~h P6Jm mc-Dt'sh P~mI-D~' 

IN PLAN 
U ~v / 

\ /  

x P  

11~.0 SECTIONS 
Stacking /AbA BaB/ /AbA CbC/ /AbC/AbC/ 

The structures of the 2H-MoS2, 2I-I-NbS2 and CdI~ layer polytypes. 
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O w 

. . . .  X "" X 

x 

x 

]t 

CA BC CA B C 

2H-MoS 2 (C7) 2H-NbS 2 

/AbA BaB/ /AcA BcB/ 

MoS 2 NbS 2 

MoSe 2 NbSe 2 

cc- MoTe 2 

WS 2 TaS 2 

WSe 2 TaSe 2 

- . /  

NbSe 2 TaS 2 

CAfiC 
3R-MoS 2 

/AbA BcB C a C /  

MoS 2 NbS 2 

MoSe 2 NbSe 2 

WS 2 TaS 2 

TaSe 2 

o 

P 

ruSe 2 TaS% raS% C A B C 

1150 sections of the various stacking polytypes found in the group V and VI 
TK~ layer dioh~loogeaides. (c/a somewhat reduced. C - O  = v~3a.)] 

layer compounds, and particularly the metallic tellurides, show consider- 
able flattening of the TX~ sandwich and a contraction of the van der Waals 
gap. Further, in the layer structures of NbT%, TAT%, fi-MoT%, WT%, 
TcS2, TcS%, ReS 2, geSe~ and ReT% the metal atoms are actually displaced 
from the centre of the coordination units. Short metal-metal  distances 
result with chains of metal atoms running through the structure. The 
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Distorted octahedr~l layer  s t ructure of  NbT% (and TAT%). [After Brown 1966 ; 
note  : a /3~ /3=3 .73  ~ as against 3.64 X for b.] 
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Distorted oetahedral  layer  s t ructure of  W T %  (fi-MoT%) similar. [After Brown 
1966 ; note  : a /~ /3=3 .627  X as against 3.496 X for b.] 
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Fig. 6 

ReSe 2 
(a) 

(b) 

I i i I 

I 

i ! 

e 

I w w 7 ~',, I . 

I ~ ~ " .  , ~ 1 

, " -  A,.,,." "~.  , ~ 6  a - . , I . , -  
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~ - . ~ :  , % -  ~ ,3.68~ 
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: - . . ,%/" . . . . ' , 3 .~  i "-~ 

I i 

(c) 
I 

t# I 

|%,,: 
i'A 

@ , 
V 

= % 

I 

Distorted octahcdral layer structure of ReS%. [After Alcock and Kjekshus 
1965.] (a) Single distorted plane of rhenium atoms, (b) progressive 
distortion from CdI~, (c) emphasizing cluster formation in chains. 

chalcogenide sheets buckle somewhat to accommodate these shifts. 
Figures 4, 5 and 6 give interpretations of the reported structures for 
NbT% (TaTe 2 same), WT%, (fi-MoT% similar) and l~eS% (to which ReS2, 
TcS2 and TcS% seem similar). Such refined structural data as exist in the 
whole range of TX 2 layer dichalcogenides is collected into tables 2 and 3. 

The non-layered TX 2 diehalcogenides occur exclusively in groups VII and 
beyond, and are of four types--pyrites,  marcasite, IrS% and I)dS2. Figure 
8 illustrates the manner in which marcasite is related to CdI 2, whilst fig. 9 
shows how pyrites is related to marcasite. The empty van der Waals 
gap is eliminated from these structures, and in fact they all show strong 
X-X pairing, particularly the sulphides. The cubic pyrite structure is the 
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J.  A. Wilson and A. D. Yoffe on the 

Fig. 7 

I 

• ., a= 5'4A 
,,,e\ / . .  ...... e,, A ---~-T 

Q , ,  : - . " 2 ,  - ,  , ,  
:...... / . , . ~ .  . . . .  -.~ :. ;'.X 

;"i X 
f " ' , . . , . . . ' " '  I ' 

-., ,,,~'-~ ... c -L---T 
,~ .~" ............. -'.e: ......... ~ ~' o -x 

fi 7 ~. .......... ~ ............. × 

B . . . . .  T 

".. X2 

.$."..'- 

• : . . . : ' :  .. ~ /  

Polyanion 'double layers' in 
plan. 

0,~F ~., ,w 

Cubic projections. 

Standard cubic orientation. 

The pyrites structure (C2). [After Hulliger.] 

densest and the other three structures are in termediary  between the 
pyri te  and CdI 2 structures,  e.g. 

(a) NiS~ PdS2 PtS2 
(pyrites) (special) (CdI2) 

(b) t~hS 2 ~-t~hS% fi-RhT% 
(pyrites) (IrSe2) (CdI~) 

(c) h.p. CoT% 1.t. CoT% h.t.  CoT% 
(pyrites) (marcasite) (CdI2) 

Vol/formula uni t  
62.8 64.8 68.5 X 3 
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Fig. 8 

• • ~ ; -  • • plan • ~ ' ~ f O ,  o • S • ~' ' I I 'C. ~ ~ / . O  0 g - in gap 
x 0 S - in E~ndw[ch, 

• • ~ 112.0 

s 

Cdla ~.~ idealized marcasite 

shrink to ~" ~ r / /  % rotateto form 
tet_ mgonal cell I:~[ya nions 

rutile /f),-, ~ _ real 
~ - ~  m£1rcasJte 

C4 ' C 18 
II I I tetro.goncl[ 'il ~ ;I, fi 
,i II ~ bL._~: a > c 

a>c ~ . _ ~ & ~ :  orthorhombic 

° k  ° 

Relation of the marcasite (C18) and futile (C4) structures to CdI 2 (C6). 
[After Hulliger and Mooser 1965.] Further  details of marcasite 
structure in fig. 9 ; of futile structure in fig. 73. 

(b) 

(a) ~.. ................. :~!. 

c/a eft 

Vol/2 f.uo 

d 

Fig. 9 

L 
"'....~) 

Orthorhombic marcasite 
structure inscribed in 
pyrite forming unit. 

To reach cubic pyr i te - -  
(1) expand c, contract a. 
(2) swing face-centring X - X  

pairs I] to body diagonals. 

c = s . 3 o  ) ) 
a ) 

.......................... ~ ~ ,~ ) 

a=3, ~.1 "'"""" c= ' 
JV3a=6.65 b=6.30 ~- 446 O 631A 

Cadmium iodide. Marcasite. Pyrite.  
1-38 1.364 1.000 

(c small--ideal c/a= 1.633) 
137 129"6 125"6 £a 

1.09 : 1"03 : 1.00 
(a) Relation of the marcasite to the pyrite structure, (b) comparison of 

the three forms of COT%. 
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Figures 10 and 11 show the unusual intermediate structure types of 
IrSe 2 and PdS 2. 

Pnom. 

b = 5"93 

c. -- 3 " 7 4  

In oc~-a~ e clron 

31r-Se ~ Z.4t~ 

3 " - ~..sz , 

Fig. 10 

b ~ J 

G 

SEackin~ ~ 
brec lk$ 

In plan 0- 0- 
A A 
w v 

0 1 / z  - O o +  C e '/z- 

® 

IrSee structure (orthorhombic). 

¢ 

O 0 +  

@ 

[After Hulliger and Mooser 1965.] 

Table 4 provides a collection of lattice parameters for the non-layered 
compounds to complement tables 2 and 3. Despite their greater density, 
the metal-metal  distance in these non-layered compounds is increased. 
Figure 12 plots by  groups the volume per formula unit, whilst fig. 13 like- 
wise plots the nearest M-M distance for all the TX 2 materials. Table 5 
gives the smallest X - X  distance in the various compounds. Note how in 
the pyrite a-RhTee the Te-Te pairing is much weakened relative to say 
RuTe2, although X - X  interaction still persists in PdT% relative to say 
a-MoTe~. 
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Table 4. Some structure parameters for the non-layered TX 2 
dichalcogenides--including shortest metal -metal  distance 

(a) Pyri tes.  Cubic, s t ruc tu re  C2. Group Th 6 (Fa3). F o u r  formula  units/cell.  S t ructure  
pa ramete r  u yields X - X  a n d  T - X  distances via %/3a.(1--2u)  and  a (3u2 - -2u+½)  112 
respectively. Leas t  m e t a l - m e t a l  d i s t a n c e =  ½~/(2a 2) 

MnS 

a 6.109 
M-M 4.319 

FeS~ 

a 5.405 
M-M 3.822 

CoS 

a 5.535 

M-M 3.914 

NiS 

a 5-685 
M-I~ 4.019 

CuS 2 

a 

M-M 

MnS% MnT% 

6.430 6.951 
4.560 4.915 

FeSe~ FeTe~ 

5.783"~ 6 .292"~ 
4.089 4.499 

CoSe~ CoTe2 

5.849M 6.310"M,c 

4'136 4"462 

NiSe ~ NiTe 2 

5.960 6.374"cX 
4.214 4.507 

CuSe~ CuTe 2 

5-790* 6-123"~ 6.600"c?£ 
4.093 4.330 4.667 

ZnS 2 ZnSe 2 ZnTe 2 

*cX a 5.954* 6.290* 
M-M 4-210 4.447 

Alternat ive forms. 

TcS2 

? 

t~uS 2 l~uSe 2 ]~uTe 2 

5.59 5.921 6.360 
3.953 4.187 4.497 

l~hS~ fl-RhSe 2 c~ -l~hT% 

5.73 6.092 IrSc 2 6.441c 

4.051 4.307 4.554 

CdSe CdSe2 CdTe 2 

6-309* 6.615" *cA 

ReS 2 

5.57 

OsS~ OsSe 20sTe~  

5-6075 5.933 6"369 £ 
3.965 4.195 4.503 

MgTe2 

7.025"X 

IV/ : marcasi te .  C : cadmium iodide. * high pressure  form. 

(b) Marcasites. Or thorhombie ,  C18. Group D2h 12 (Pnnm).  Two formula  units/cell.  
S t ructure  pa ramete r s  x and  y yield : 

X - X  (1)--[4x2a2+(1--2y)2b~] 112, M - X  (4)=[x2a2+y2b2]l12, 
M - X  (2)=[(  ½--x)2a2-~( ½--y)2b~.~¼c~]II 2 

FeS~ FeSe2 FeTe 2 CoTe 2 

a b c a b c a b c a b c 
4.436 5.414 3.381 4.791 5.715 3.575 5.340 6.260 3.849 5.301 6.298 3.882 X 

F e S ~  : Fe -S  2.23 and  2.25 ~, S - S ~ 2 . 2 1  i .  

(c) I rSe 2. Or thorhombic .  Group D2h16 (Pnam).  E igh t  formula units/cell  

a b c 

~hSe2 20.91 5.951 3.709 
I rS  2 19"78 5'624 3-565 
IrSe2 20.94 5.93 3.74 

Least  M-M ~ c 
IrSe~ : I r - S e  3 at  ca. 2.44, 3 at  ca. 2.52 ; Se-Se shor t  2.57, long 3.27 £. 

(d) 1)dS~. Group D2h15 (Pbca). Fou r  formula  units/cell  

b c P d - X  X - i l e a s t  l°d-:Pdleast 

Or thorhombie .  

a 

PdS~ 5.460 
I)dSe2 5-741 

5.541 7.531 2.30 2.13 3.89 X 
5.866 7-691 2-44 2.36 4.11 
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Fig. 1] 

c 

PdS 2 structure (orthorhombic). 

v w 

© 

[After Hulliger and Mooser 1965.] 

Short X - X  distances are also found in the rutile strugture, adopted by  
many of the TO~ dioxides. As was shown in fig. 8, the rutile structure 
(C4) is closely related to that  of marcasite (C 18). Some of the dioxides also 
undergo distortion with metal-metal  pairing lie below a certain temperature 
(e.g. VOw, 68°e). Table 6 shows all the structures of the TO 2 dioxides ; the 
more ionic dioxides ZrO~ and HfO 2 adopt the higher coordination 8 :4  
fluorite structure. The, marcasite structure also can suffer metal-metal  
bonding [Ic, either as alternating contractions (as in the arsenopyrites like 
RhP~), or as a general contraction (in compounds like ]~uPe--isoelectronic 
with MoS~)--see Hulliger (1965). Again isoelectronic with MoSs is ZrC12. 
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Table 5. Least  X - X  a tom distances in the TX~ dichMcogenides 

(a) S-S distances 

MoS s 
Through 
sandwich v.d.W. 

3.19 3-47 

HfS 2 

~ 3 ' 6  

MnS~ FeS e CoS 2 NiS 2 
M P 

2.084 2.210 2.136 2.10 2.06 

TcS 2 RuS 2 ghS~ 

2"41 

geS s OsS 2 IrS~ 

2 "43 

PdS~ 
Through v.d.W. 
sandwich 

2.13 (3.92) 

Pt  S 2 
Through 
sandwich v.d.W. 

3"06 3"43 

(b) Se-Se distances 

MnS% FeSe s 
M P 

2-38 2"50 

TcS% 

CoSe s 
5I P 

2.53 

kuS% RhS% 
P I 

2.46 2.50 

NiS% 

2-394 

I~eSe s OsS% IrSe 2 

v.d.W. 2.57 
3"3 2.47 (and 3.27) 

PdS% 
Through 
sandwich v.d.W. 

2.36 (3.75) 

PtS% 
Through 
sandwich v.d.W. 

3.374 3-29 

(e) Te-Te distances 

a-MoTe s 
Through 
sandwich v.d.W. 

3"63 3"92 

MnTe 2 FeTe s CoT% 

M P M C P 
2.745 2.616 2.924 

TcTe s 

ReTe s 

I{uT% RhT% 
P C 

2.64 3"087 

O s T %  

2.64 

IrT% 

N i T e  2 
Through 
sandwich v.d.W. 

3"48 3"41 

PdTe 2 
Through 
sandwich v.d.W. 

3-44 3.49 

PtTe 2 
Through 
sandwich v.d.W. 

3"53 3"46 

A.P. R 
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This layer compound is rather unstable; the anhydrous dihalides of the 
first period (3d) are more manageable; all crystallize in CdI~ or related 
forms. Figure 14 is a plot for the full range of MX 2 layer compounds of c /a  
against the distance between X-X cores (obtained using Waber's core radii, 
and lattice parameters from Slater (1965), pp. 103 and 308 ff respectively)). 
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Table 6. TO 2 dioxide structure types 

Ti V Cr Mn Fe Co 

213 

Ni 

3d C4 C¢* C4 C4 
etal. etal. 

Zr Nb Mo Tc Ru Rh Pd 

4d C4, C1 C4" C4" C4" C4 C4 

Hf Ta W Re Os Ir Pt 

5d C1 C4 C4" C4" C4 C4 C4 
et al. 

See Sleight et al. 1969. 

* Distorted by metal-metal bonding. 

Obviously the extremely anisotropie character of the layer compounds, 
built in at the atomic level, dominates all the properties of such materials, 
both mechanical and electrical. The expansion coefficient is about a factor 
of 10 greater perpendicular to the layers than parallel (Brixner 1963); 
conversely the velocity of sound in this latter direction is twice tha t  parallel 
to c (Guseinov and Rasulov 1966). The thermal conductivity is also up by 
almost a factor of 10 parallel to the layers. Under applied pressure this 
factor falls rapidly as the structure stiffens mechanically (Guseinov and 
l%asulov 1966). Electrical conduction in the two directions is even more 
different, at least for MoS~, where a difference factor of 10 a seemslikely. 
Another result of the weak van der Waals binding is tha t  the inter- 
sandwich gap will open up to accept alkali metal ions from ammonia 
solution. ( 'Intercalation ', c.f. graphite, see lo. 285). These intercalates 
will later be compared to the ' tungsten bronzes '. One problem, particularly 
with the 3d dichalcogenides, is poor stoichiometry. The TX~ structures 
can readily be transformed (fig. 15) into TX structures like NiAs or NbS by 
filling the vacant sites of the van der Waals region with metal atoms 
(Jellinek 1963). Often a continuous solid solution exists (e.g. Ni /Te--  
Barstad et al. 1966), or superlattices may condense out (e.g. Ti/S). More- 
over, at a given temperature the equilibrium products may lie far from 

Fig. 15 

NiAs. CdI2. 

Relation of the TXa layer structures to TX structures. 
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simple stoiehiometry, e.g. a 2 to 1 S/Ti powder mixture yields TiSr94 at 
800 ° and TiS1.9~ at 1000°c (Bernard and Jeannin 1962). This non- 
stoichiometric tendency is least marked for the third period (5d) materials, 
and for the compounds of group VI. Cleavage of non-stoichiometrics like 
'VS2' or 'COT%' is noticeably more difficult than for say MoS 2. The 
cleavage properties of the stoichiometric materials are indeed quite 
remarkable. The crystals are not friable and may be pulled apart on sello- 
tape. Through repeated cleaving it is easy to obtain specimens 200/~ 
square and only 500 i thick. For such a thickness even when the absorption 
coefficient rises to 5 × 105cm -~ the crystal will still transmit 2% of the 
incident light. 

§ 3. TX2 LAYER COMPOUNDS--THE CRYSTALS 

Only MoS2 occurs naturally in appreciable quantities. The other crystals 
are best obtained by  chemical vapour transport (Schafer 1964). The 
TX~ dichalcogenides do not in general melt until above 1000°c, and then 
only with decomposition. This same technique has been used to obtain 
anhydrous TX 2 dihalides, and also layer materials like CdI e and SnSe which 
could otherwise be grown from solution and the melt respectively. The 
most convenient carrier gas is iodine, though bromine and chlorine are 
sometimes required. The carrier concentration was kept  low to avoid 
contamination ( ~  1 mg/cm3), though Kershaw et al. (1967), Hicks (1964) 
and Conroy and Park  (1968) all report remarkably little take up (e.g. iodine 
in HfS2 ~ 101~ atoms/cma). With our two-zone furnaces the crystals were 
typically only 1 to 2 mm across, but  this was found quite adequate for our 
purposes. (Larger crystals up to a centimetre in diameter have been grown 
in other laboratories.) The group V crystals were particularly easy to 
obtain. For a-MoT% crystals with thicknesses of 1 mm were,repeatedly 
obtained, based on clearly marked growth spirals. Crystals of the rhenium 
compounds grew to very large areas but  maintained thicknesses N 2000 i or 
less. Most of the crystals are quite stable though the groups V and IV 
compounds tarnish slowly. Additional experimental data concerning 
crystal growth, etc. is reported elsewhere (Wilson 1969 a). 

Naturally occurring MoS~ has been found in the 31~ (Graeser 1964) as well 
as with the common 2H sandwich stacking (see fig. 3). Ore' t ransport  
crystals of MoS~ in fact were always of the 3R form. The two ty, pes belong 
to different space groups and their spectra show remarkably different 
magnitudes of spin-orbit  splitting for the pair of excitons situated on the 
absorption edge (see p. 243). The same has now been found for the MoS% 
and WS~ polytypic forms. Table 7 gives the conditions under which the 
various specimens were obtained and the means by  which they were 
identified. The polytypes are easily distinguishable by  (a) the spin-orbit 
splitting, (b) by  x- ray  powder analysis (see fig. 18), and (c) in some cases by  
the form of the Kikuchi banding seen on electron microscope diffraction 
patterns (e.g. MoSs, fig. 16). This latter method is sometimes misleading ; 
thus, although 2H-MoS2 gives an hexagonal 6-planar star, and 3R-MoS 2 a 
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(a) (b) 
Kikuehi b~nds in (a) 2H and (b) 3t~-MoS2. (Uyeda 1968--200 kv, t~  1.2 t~.) 

trigonM 3-planar star, HfS~ gives an hexagonal type pattern, whilst 
2I-I-MoS% gives the trigonal pattern like 31~-MoS%. Though many of our 
transport crystals were of the 3R type it seems that the 2H form is the 
stable one to 1000°c. The group VI 3R forms have been synthesized in 
2aowder form only at high pressure and temperature (Towle et al. 1966, 
Silverman 1967). Such synthesis of the 3R form from the elements is much 
easier than conversion through of the 2H powdered compound. 3I~-WS% 
seems very difficult to obtain in pure form, whilst MoT% always occurs in the 
fi form at high temperatures and pressures (Revolinsky and Beerntsen 
1966). Several t ransport  erystMs were obtained for which both 2H and 31~ 
lines appeared in the x- ray  pattern. These stacking mixtures gave exeiton 
peaks intermediate between the extreme positions of 2H and 3R, and at 
least at 77 °K there was no indication of any division of the ]3 peak (see p. 246). 

The group V stacking polytypes are also known to show an interesting 
difference of degree, namely their superconducting transition temperatures. 
Figure 17 gives the x- ray  powder lines expected from six polytypes of TaS%. 
Some experimental results are shown in fig. 18. I t  is seen that  the line 
intensities are not consistent : this is due most likely to the impossibility 
of powdering such flexible crystals. In fig. 19 is given a selection of electron 
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6H 

Fig. 17 

,l,I, ,I II, llJ, 
Cu K~x, 

,,,I, , I , l  

4 H b  
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4 H a  b,l 
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h 1 i ,  i [ .. , ,  L 

2H , l l  l, l II J h 
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I I l ,  , 

i I 

o & 12 A 
X-ray powder pattern lines for the polytypes of TaSe 2. 

Bjerkelund and Kjekshus 1967.) 

.]  ,, 

io o 

(Constructed from 

microscope diffraction patterns. I t  is seen that  the majori ty match the 
structures discussed earlier. However, the ]T-TaS 2 pat tern is at variance 
with its x-ray pattern, unlike VS% and TaTe 2. Both electron and x-ray 
patterns are simple for VS% (like HfS~); both are complex for TaTe 2 (like 
WT%). This problem is returned to on p. 297. Bright-field electron micro- 
graphs are given in fig. 20. The fluid dislocations and hexagonal networks 
found in the regular materials have been discussed by  Amelinckx (1964). 
Ribboning is observed in the distorted structure~ like ReSe 2. As seen the 
1T-TaSe picture appears simpler. The most complex pictures are obtained 
with TaTe 2 and particularly NbT%. ' Domains '  are found throughout the 
crystal and this can result in complex compounded diffraction patterns. 
I t  is just possible tha t  these domains invalidate the structure determined 
by  Brown 1966. Kjekshus'  Oslo group certainly failed to confirm Brown's 
result (Selte et al. 1966). Many of these points are returned to in detailin § 8. 

Mixed crystals of the types (W/Ta)S% and (W/Mo)Se 2 have'been pre- 
pared and the micrographs show no indication of segregation. Brixner 
found smooth parameter and property changes right through these 
systems (Brixner 1963). The group VI materials, however, will substitute 
surprisingly little group VII  metal (e.g. (Mo/Re)S% < 2%l~e-Hicks 1964). 
Similarly 1T-TaS 2 does not seem to incorporate H f  readily, at  least when 
using the vapour transport  process. Such mixed crystals can be satis- 
factorily analysed to 2% by  electron-probe x-ray microanalysis. The 
composition varies from crystal to crystal, depending on its position of 
growth in the reaction tube. 
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MoS2 
(a) Natural 

powdered--2H 

(b) Transport crystal 
(750°c)--3R + 2H 

MoSe 2 
(a) High temp. 

transport crystal 
(900°c)--2H 

(b) Transport crystal 
(750°c)--2H with 
trace of 3R 

(c) Towle's H.Pr. 
product-- 
31~+2H 

a-MoTe 2 
(a) Transport crystal 

(750°c)--2H 

WS2 
(a) Powder 

synthesis--2H 

(b) Silverman's 
H.Pr. product-- 
3R 

WS% 
(a) Transport crystal 

(950°c)--2I-I 

__.. 
i 

10 20 30 40 ° 

X-ray powder photographs (Cu Ka, % = 1.54 X). 
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Fig. 18 (continued) 

ii!~iiiiii~i~ii~ri~i~iiiiiiiiiiiiiiii~iiiiiiiii~iil ...... ,r, 

X-ray powder photographs (Cu K~, ,~ = 1.54 .~). 



Transition Metal Dichalcogenides 

Fig. 19 

221 

3I~-MoS2 ~-MoT% fi-MoT% 

VS% ReS~ TaTe 2 

2H-T~S% 1T-TaS 2 

Electron microscope diffraction patterns. 

NbT% 
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Fig. 20 

60 x I03 

a-MoT% 
20 x 103 

NbS% 

20 x 103 

1T-TaS2 
20 x 103 

ReS% 

Bright-field dislocation ~rmys. 
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(~) 

(b) 

(a) Nomarski thickness fringes for a uniform section of TaS%. (The crystal 
is about 1 mm wide and the fringe shift of 21~o corresponds to t = 630 ~.) 
(b) Electron micrograph of a cleaved specimen of MoS e only one and 
two unit cells thick, measured by the carbon shadowing technique. 
(By Frindt 1966.) 
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§ 4. TRANSMISSION SPECTRA_ :FOR THE LAYER-TYPE 
TRANSITION METAL DICHALCOGENIDES 

The crystal specimens used for the optical transmission work are obtained 
by  repeated cleaving on sellotape. The very thin cleaved sections can 
be transferred from the tape to a glass or quartz substrate using trichloro- 
ethylene as solvent. Details of this and other experimental techniques are 
given elsewhere (Wilson, J. A., 1969). Specimens only 500£ thick can 
readily be mounted, and may then be used for electrical (Wieting 1968, 
see p. 271) as well as optical measurements. Crystal thicknesses have been 
measured using the Nomarski polarizing technique. As seen in fig. 21 (a) 
quite large areas ~ 200/~ square cleave at the same thickness. Most of the 
layer dichalcogenides are strongly coloured in transmission, and the colour 
changes rapidly with thickness in a characteristic way from material to 
material. The crystals are highly reflecting also, and even in the high 
transmission range about  20~o reflection occurs, since the refractive index 
is still ~ 2.7. 

The micro-optical work was carried out on a split-beam spectrophoto- 
meter over the range ½ to 5½ ev (2/z to 2200 ~), at both room and liquid air 
temperatures. Experimental details are again given in the above reference, 
together with an assessment of spectral quality; the peak positions 
are also detailed there. 

In drawing the following spectra all materials have constantly been 
referred back to MoS s, for which a proper analysis of the absorption and 
reflection measurements has been made in deriving absorption coefficient 
values (Evans and Young 1965). The spectra as presented below are with 
the y axis varying approximately as log ~ (see fig. 22 a). 

The spectra have been divided into the following groupings, the full 
significance of which will become apparent later : 

A. Regular group VI 
MoSs, MoSes, a-MoT%, WSs, WSe 2. 

B. Distorted group VI 
fi-MoTe~, WT%. 

C. Regular group V 
NbS~, NbS%, TaS%, VSe 2. 

D. Distorted group V 
NbTe2, TaTe2, 1T-TaSk. 

E. Group VII  
TcS2, TcSe~, ReS 2, ReSet. 

F. Group IV 
ZrS2, ZrS%, HfS~, HfS%, TiS%. 

Several other large families of layer compounds exist in addition to the 
above dichalcogenides. Among transition metal compounds there are 
many layer dihalides and trihalides (e.g. FeC12, CrBr3) ; also the divalent 
hydroxides (e.g. Mn(OH)2 ). Among non-transition metal compounds 
layer structures are found in the dihalides of groups IIA, I IB and IVA 
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Fig. 22 
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. . . . . . .  293oK, B Ali 
- - 7 7  ° K. ~- 

~.c~1 
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(a) 

2H- MoSe 2. 
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77 ° K 

'"... 
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(b) 
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(C) 

Transmission spectra for the transition metal diehaleogenides. 

A,P. 
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Fig. 22 (continued) 
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Fig. 22 (continued) 
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4'0 3'0 . . . .  2'0 . . . .  10 X103c r~l  
(~) 

227  

N b S  2 • 

. . . . . .  2 9 3 ° K ,  

- - 7 7 ° K .  

4b . . . .  3'o . . . .  2'o 
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I .TcS 2 . 
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Fig. 22 (continued) 
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(J) 

t.Tc Se 2 . 

2.Re Se 2- 

77°K.  

4 0 3'0 

~ 2  
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Fig. 22 (continued) 
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Fig. 22 (continued) 

J 

Zl"S~ . . . . . .  

MoS2 TcS~ . . . . .  

77°K 

NbS 2 . . . . . .  
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20 10 x103¢~ I 
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(e.g. Cain, CdI 2, Pble), the tri-iodides of group VA (e.g. BiI3), some dichalco - 
genides of group IVA (e.g. SnS2), and also the more unusual  GaS and Bi2Te 3 
families. The t ransi t ion metal  halides are dealt  wi th  in detail in 9 9.3. 
Energy  gaps are given below for some of the non- t rans i t ion  metal  layer 
compounds. Several points of contact  have been made  between these 
lat ter  materials  and the layer- type t ransi t ion meta l  dichalcogenides, viz. 

(a) Exc i tons- -GaS,  I)bI2, Bils, CdI~--withMoS2 (see §9 6.1.2. and 7.2.2). 

(b) Defects andpo ly typ i sm- -GaS ,  PbI~- -wi th  MoS 2 (see 99 6.1.2 and7.2.2). 

(c) Indirect  edge--GaS,  CdI 2, SnS2--with MoS2, ZrS2 (see 9 6.1). 

(d) Banding /bonding- -SnS 2 versus ZrS 2, GaS versus MoS s (see 9 5.2). 

(e) Anisotropie electrical da ta  related to band s t ructure--BizT% (see 9 7.2). 

Period 
3 4 5 6 

CaI 2 SrI 2 YbI 2 
MgC12/BrsI~ ZnC12/Br2/I2 CdCl~Br2/I2 

GeI 2 SnI2 PbI2 
GaS/Se/Te InSe 

SiT% GeSe 2 SnS2/Se 2 a-PbSJS% 
(As2Sa/Sea) Sb2T% Bi2Sea/T% 

AsI 8 Sbla Bila 

Group 

IIA 
I IB 
IV 

I I IA 
IVA 
VB 
VB 

Metal atom 
configuration 

s2(d °) 
(dlO)s ~ 
(s~)p 2 

s2p × 2 
s 2 p  2 

(s2)p 3 
(s2)p 3 
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Further spectra for various layer compounds. 
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Fig. 23 (continued) 
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(a) and (b) from Green~way and Nitsche 1965, (c) Bassani et al .  1964, (d) and 
(e) from GreeImw~y and I-Iurbeke 1966, ( f )  Tubbs 1968. 
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Optical band gaps, 77°~: 

ev SiT% 1.85 (d) 
CaI 2 5"8 (a) GeS% 2"35 (e) 
ZnI~ 4.4 (a) SnS~ 2-2 (c), (f) 
CdI 2 3"3 (a), (b), (c) SnS% 1.1 (f), (g) 
PbI 2 2-5 (a), (b) ~-PbSs ~1  (h) 

Diehalcogenides 

Asi a ~ 2.5 (i) 
SbIa 2'0 (a) 
BiI a 1.7 (j) 
Bi2S % 0-16 (k), (l) 
Bi2Te a 0"14 (1) 

233 

GaS 3.0 (m) 
GaSe 2.1 (m) 
GaTe 1.75 (n) 
InSe 1-3 (o) 
Ag2F super- (p) 

conducting 
metal 

i~eferenees : (a) Tubbs (1968) ; (b) Greenaway and Harbeke (1966) ; (e) Greenaway and 
Nitsche (1965) ; (d) t~au and Kannewuf (1966) ; (e) Asanabe (1961) ; (f) Domingo et al. 
(1966) ; (g) Busch et al. (1961) ; (h) Silverman (1966) ; (i) Evans, B. L. (private eommuni- 
eat, ion) ; (j) Evans (1966) ; (k) Gobrecht et al. (1966) ; (1) Gt~enaway and Harbeke (1965) ; 
(m) Bassani et al. (1964) ; (n) Brebner and Fischer (1962) ; (o) Andriyashik et al. (1968) ; 
(p) Andres et al. (1966). 

Mentioned in the above is one of the very few ' an t i - s t ruc tu re '  CdI 2- 
type  materials,  Ag2F. Hf2S and Hf2Se have ant i - type  MoS~ structures,  
and are again metallic (see Franzen et al. 1967). Layer  structures 
occasionally occur in the transactinides, e.g. u s %  (Khodadad  196l), 
ThI  2 (Guggenberger and Jacobson 1968), and also in the rare earths, e.g. 
GdCls/Brs(f 7) (Varsanyi et at. 1969). In T h i  s there is an al ternat ing 
stacking of octahedral  and  trigonM prism sandwiches, similar to 6H-TaS%. 
The uranium'  systems are complex and resemble those of thor ium and 
group IV, ra ther  t h a n  group VI. USe s and ThS% both have the linear 
stack structure of ZrS%, mentioned in § 9.3. 

§ 5. THE APPROAC~ TOWARDS A BAND SCHEME FOR THE LAYER-TYPE 
TRANSITION METAL DICIIALCOGENIDES 

5.1. General Discussion of  Band  Formation in Transi t ion Metal  Compounds 

A major  problem in discussing t ransi t ion metal  materials is wha t  happens 
to the metal  d states when a compound is formed and a crystal  s tructure 
built  up. The various compounds of nickel or manganese i l lustrate clearly 
the gradat ion from completely localized d states, through various degrees of 
incipient band formation,  to complete delocalization in a wide band.  The 
properties most  clearly to show this change are the magnetic  susceptibil i ty 
and the ligand field spectrum. The value of p~e~f falls off from the  local spin 
value down through to Paul i - type  metallic paramagnet ism.  At  the same 
t ime the ligand field in t ra-a tomic d - d  transit ions lose definition, move to 
smaller energies and  gain rapidly in in tensi ty  before being incorporated into 
stronger in ter -band transi t ions (see § 9.3). 

I t  is not  ye t  clear whether  band format ion occurs cont inuously as the 
relevant  conditions are changed (viz. d - d  intereore overlap), or whether  the 
process suffers some discontinuous cooperative change. I t  is t hough t  t h a t  
inter -site electron correlation interactions m a y  favour  the la t ter  process, and 
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that  the d band prior to its full establishment is pinched off into a series of 
non-conducting (i.e. full) sub-bands (see No. 4, 40, Rev. rood. Phys., 
October 1968). At present we are studying the high pressure optical 
properties of several promising layer compounds from this aspect of the 
Mort ' metal/insulator transition ', viz. NiI2, VI a, TiI 2, CrI3 and TiC13. 

Returning to the layer-type transition metal dichalcogenides it is clear 
that  d band formation is there well advanced. The semiconductors of 
groups IV (e.g. ZrS2), VI (MoS2) and VII I  (PtS2) are all diamagnetic, whilst 
the spectra in the ] ev range are not of the ligand-field type, since the 
absorption coefficients are in excess of 10 a cm 1. The degree of filling of 
d bands lying within the basic bonding-antibonding band gap (~  4 e;¢ in 
MoS2) largely determines the electrical character of the various compounds. 
For example the trigonal prism group V materials (d 3) are medium mobility 
metals (p ~ 3 x 10 .4 ~-cm), superconducting, and with the plasma edge at 
about 1 ev. 

Among the pyrite dichalcogenides, however, such d bands are not  always 
formed. Thus, although RhS% (d 7) and CuS% (d 9) are metallic and show 
Pauli paramagnetism, superconductivity and strong free carrier absorption, 
the manganese materials (dS), and NiS2, still have local spin moments, 
which in the case of the manganese compounds become cooperatively 
aligned to yield antiferromagnetic ordering around liquid air temperature. 
This antiferromagnetism should be distinguished from the band antiferro- 
magnetism shown by  the NbS% family; the latter is concurrent with free 
carrier absorption (see § 7.3.1). FeS 2 and CoS 2 have magnetic, electrical 
and optical properties which indicate that  a collective narrow d band is 
achieved. The non-layered transition metal dichalcogenides are discussed 
in detail in § 9.1. 

Several factors affect this question of d band formation : 

(i) internuclear distances, T-X,  T-T and X - X  (size factor), 

(ii) crystal structure (symmetry factor), 

(iii) (a) ligand electronegativity (energy factor), 

(b) detailed electronic configuration of metal atom. 

These factors are of course inter-related. The extent  to which the s and d 
states of the metal atom can become spatially and energetically distinct is 
most pronounced for manganese. Compounds like MnI 2, MnO, a-MnS and 
MnS 2 are all based on the Mn 2+ ion with its contracted d 5 half-shell. They 
tend to have large interatomic distances in contrast to non-ionic compounds 
like Ni2Sn, MnTe and MnSb, where the ligand is not sufficiently electro- 
negative to cause s-d differentiation (collected parameters, Slater 1965, 
p. 308ff). Hybridization of the metal atom s and d states and general 
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'covalent' mixing of  these states into the  valence bands,  is more common 
for the early groups of  the t ransi t ion periods, and, again, more so for all 
groups of the  second and th i rd  periods t h an  for the  first period : 

thus  we find the decrease in ionici ty of  TiC18 compared  with CrC1 a, 
and of  TiO . . . .  NiO, 

whilst  there  is an increase in ionici ty for TiC12 . . . .  ZrC12, 

for  MnS 2 . . . .  TcS 2, 
for  NiO . . . .  PdO.  

(re 'my of these compounds  are discussed fur ther  in § 9). 

Orbital  hybr id iza t ion  and the resulting covalency means  t h a t  in the 
crystalline s ta te  we are going to have bands of highly mixed  ' 1' character ,  
which are of  grea ter  energy span than  for ionic compounds,  where the 
valence bands are ve ry  flat. In  the diehaleogenides of  groups IV, V, VI 
a significant degree of d and p covalent  mixing into the  valence band  along 
with the  meta l  s s ta te  seems feasible. In  crystals of  the  t ransi t ion elements 
themselves s, d, p mixing is well advanced (e.g. Ti, A l tmann  and Brad ley  
1967). When  the distance between metal  a toms is increased, as in a 
compound,  this direct  meta l  sublat t ice mixing decreases rapidly,  par t i -  
cularly for the  elements  to the centre r ight  of each series where the  atomic 
radii are small. The  me ta l -me ta l  distances in the  above dichalcogenides, 
with ext remes  of 3.16 A for MoS~ and 3.95 A for ZrTe2, correspond to 15% 
to 25 °/o increases on those distances in the  pure metals.  In  all the  dihalides 
these percentage increases are much  greater ,  e.g. 42% for TiI~ (a = 4-11 A), 
65% for MnI  2 (a=4.10A) .  This general size factor  difference plus the 
e lec t ronegat iv i ty  change means tha t  there  will be far greater  isolation, 
energetically and spatially,  of the d-s ta tes  in say ZrC12 th~n in its iso- 
s t ructura l  isoelectronic pa r tne r  MoS2"t'. The layer  halides are discussed 
fu r the r  in § 9.3. 

5.2. The Proposed Banding Arrays for the Layer-type Transition Metal 
Diehalcogenides 

The effect on the  general band  scheme for t rans i t ion  meta l  compounds  
of the  move  f rom ionic to covalent  bonding is represented  in fig. 24. Wi th  
covalent  bonding the  valence band  is considerably broader  due to T/X  
state  mixing. Au Yang and Cohen's (1969) band  diagram for SnSe~ 
(C6, E g =  l e v )  shows this markedly  as compared  wi th  the  isoelectronic 
isostructural  bu t  ionic case for CdBr 2 (Eg ~ 4 ev ; compare  I~bBr Eg ~ 6.5 ev, 
and AgBr  Eg ~ 3 ev). In  a t ransi t ion meta l  compound  like ZrS2 or MoS 2 it  
is l ikely t ha t  this mixing of meta l  s tates  into the valence band  follows the  

N.B. The above type of orbital differentiation is not completely confined 
to transition elements ; note s/p compounds like T1Br, SnTe and PbI~, (also 
the concomitant long bond lengths, of. MnCI 2, CoO, etc.). A recent at tempt at 
assigning percentage ionic character to non-transition metal compounds has 
been made by Phillips and van Vechten (1969). 
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pa t t e rn  s > d >> p. The  p s tates  are more likely to  be mixed into the  ener-  
getically closer non-bonding  d bands,  in terposed within the  basic ~ *  gap $. 
The averaged value of this la t te r  gap is d i rect ly  re la ted to the  hea t  of  
fo rmat ion  of the  compound,  a measure of the chemical  binding energy  which 
is often known (Vijh 1969). 

Fig. 24 

p-bonds, conduction band 

m e t a t  orbitals. 

localized d-stat~s of . . . . . . . .  .e- one e~ectren 
many electron confign. GpproxE. invcllid. 

p-band, I \ \ \ \ \ \ \ 1  valence bands 
largely based on 

s -band  . . . . . . . . . .  anions. 

l i  may split into several 
smolUzr J dM,P  M . bands,-'nvn-bonding: 

energy gap 

:typicqtcase.~~ PX) SM)dM significant clmount 

o- >>PM of metal orbital 
mlxlng. 

S X 

Ionj¢ case. Covo|enl CClse . 

The change in banding character between ' ionic ' and ' covalent ' transition 
metal compounds. 

In  an octahedrMly coordina ted  compound  (e.g. ZrS2) i t  is well known 
tha t  out  of the  five d s tates  the two eg states  are more suited geometr ical ly  
to  covalent  bonding t han  are the three  tag states. The la t te r  go to  form the  
basis of a non-bonding  band.  In  a s t ruc ture  with t r igonal  prism coordina- 
t ion like MoS 2 (point group Dal~) the d states split in such a way  tha t  the  
d~z and dxz orbitals  are the  most  likely to mix into the valence band.  The 
dx~_~ and dx~ orbitals  will mix more wi th  the metal  Px and  p~ states, and 
are likely to form a non-bonding  band  above and de tached  f rom a second 
non-bonding  band  based on dz~. This la t te r  orbi tal  gives p o o r  over lap 
between near -ne ighbour  meta l  a toms and the band  is l ikely to be ra the r  
narrow. 

As indicated below in fig. 26 the  prineipM valence band  in the  T X  2 layer  
s t ructures  is full wi th  16 electrons (e.g. ZrS~), and subsequent  electron 
addit ions as for NbS2, MoS2, TeS~ go into the non-bonding  d-based  bands.  
I t  is the  degree of filling of  these la t te r  bands t h a t  t hen  determines  the  
electrical, magnet ic  and optical  propert ies  of  these t rans i t ion  meta l  

$ An at tempt  is being made in this laboratory to calculate the band structures 
using the tight-binding method by R. A. Bromley. 
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dichMcogenides. The details will be discussed short ly  in §§ 6 and 7 ¢. 
The possible shape and orientat ion of the non-bonding orbitals for the 

TX21ayer s tructures is shown in fig. 25. I f  our in terpre ta t ion of the  spectra 
is correct (see shortly) the widths and location of the non-bonding bands 
are as marked  on fig. 26 (b). In terpre ta t ion  to this end of the optical 
results is p rompted  by  the very  satisfactory viewpoint  tha t  the  above 

Fig. 25 

dxy dyf [L'~y dxz dxZ-y21 dz2 
I 

= ~_(dx2.  yz*dzz_x2) 

(a) ,i,z I 

e ' "" '.:{""~'~'"'.::: ¢; is largely dz~. 
C3ED - - ' @  ~.* "--~ Cs and ~9 largely 

--~""-, .:// '...-'" from dx2y% dxy 

~t/8 ~x 14/9 ~x Px and P,. ~7 

(b) ~Y 
• .... . x  c h ~  ~ , c ~ . - - , 5 - - 7  • ,, ................ i.,~..>," 

~ : ; . g ; J z  ;.: x * - - - W J ~ - W e r T . A T / -  
! . , ' ~ j J .  :: ?k/<'/~<'¢:/ /.>/\ " I 

d -  _~_ ZV:N2 ~4/J x- - - J  
-r ' /,,: J222 

" ..... :.t ....... " / \  2 x : _ ' _ ~ _ X : b  Y 
In plan 

Shape and orientation of the ' non-bonding' orbitals for the TX~ layer structures 
(based largely on metal d and p states). (a) For trigonal prism, ¢7 yields 
poor M-M overlap, Cs and ¢9 degenerate, (b) for octahedmn, ¢~, Cs, ~b9 
degenerate. Lobes bisect bond angles. Good overlap in layers. 

$ I t  is hoped from the above discussion we have made clear that  in, say, 
ZrS%, the zirconium 5p states will be virtually confined to the conduction 
band. Likewise in SnS% the tin 5d states will show negligible mixing into the 
valence band (i.e. as occupied states). The mixing here of p and d states 
respectively into the valence band is proportionately much less than would be 
implied from the use of six equivalent metal hybrid bonding functions, of the 
old oetahedral formulation, 'spad 2 '. The same goes for trigonal prismatic 
coordination, for which the formulation ' d4sp ', derived from Hultgren's paper 
of 1932, is often seen. 
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banding schemes give of the observed electrical, magnetic and structural 
properties for the whole TX 2 dichalcogenide family'S. 

Fig. 26 

ET ~ 12 

0"  + v.d.W 

12"  4 

P~S 2 -  VliiC - -  
IrT¢ 2 -  Vliib - -  J 

-- vili~ -- J 4 ( ReS 21-- Vl! - -  
(WT~z 2)- -  vI  ~ W S  2 

(1T-TeaS2)- V ---2H.TaS2 j 2 

Hf S~.-- iV - -  

0 " - *  v.d.~, 1 

1 2 . 4 .  

(b) 

(a) Occupation of orbitals in the simple valence bond picture, (b) the 
proposed band positions and their degree of filling for the regular 
TX~ dichalcogenides. 

Figure 26 (a) stylistically represents the arrangement of electrons in the 
bonded directions for the two types of layer dichalcogenide TX~ sandwich. 
As seen, a simple valence bond picture requires not only hybridization 
but also 'resonance' .  Each chalcogenide atom puts a lone pair into the 
van der Waals region, and each metal atom then needs to supply four 
electrons for the bonding states to be completely full (e.g. as in ZrS~ s 2 d 2, or 
SnS 2 s ~ p~). Any further electrons (as in MoSs, s ~ d e) must enter the non- 
bonding orbitals which can accommodate up to six electrons (as in PtS~, 
s 2 dS). The semiconductivity of octahedral ZrSe and PtSs follows auto- 
matically, whilst tha t  of the MoS 2 family is seen to be a consequence of the 
adoption of the trigonal prismatic structure. In group V we have metals 

t Goodenough has recently published two papers (1968 b, c) discussing the 
behaviour of the d levels in MoS 2 and WS 2 from the aspect of crystal field 
theory. However, the model seems to be too ionic in character and fails to 
match much of the experimental data. 
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for both coordination types, VSe 2 with the wider oetahedrat band being a 
' be t te r '  metal than say NbS%, where the free carriers lie in the narrow d~ 2 
band of the trigonal prism scheme. We will look at the electrical properties 
in some detail group by  group in § 7. 

§ 6. THE OPTICAL SPECTRA OF THE Regular LAYERED TX 2 
DICtIALCOGENIDES RELATED TO THE ABOVE BANDING SCHEME 

6.]. The Trigonal Prism Materials 

6.1.1. Band positions and transition assignments 

Because the non-bonding d band system in the MoS~ family is only 
partially filled, and again because the materials are semiconductors, the 
group VI spectra are quite complicated. Figure 27 shows the five basic 
types of inter-band transition to be expected with the trigonal prism set of 
bands. Transition V is the basic bonding energy gap. Such transitions 
commence in MoS 2 with exciton a. Transition I I I  is the one which gives 
rise to the strong excitons A and B characteristic of the MoS 2 family; 
transitions IV, of somewhat larger energy, yield the broad band topped 
by peaks C and D. This ordering is seen to be the correct one from a 
comparison with the group V spectra. There the D transition is absent 
due to the d,~ band now being only half full. Furthermore,  group V loses 
the excitons A, B and ~ which are screened out by the free carriers of the 
d~= band. A broad hump remains in the A/B region. In group V there is 
the opportuni ty also for transitions of type II. These also show up weakly 

Fig. 27 

0-~ 

Ii Ill 1 

d/p 

d~ 

General types of interband transition for the trigonal prism group VI compounds. 
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(a ~ 5000 cm -1) to the  low energy side of  I I I  in p - type  MoS~ (Evans  and  
Young 1965). Finally,  coming to  confirm this pa t t e rn  of  bands  a weak  
I .R.  edge (aN 200cm -1) was discovered in MoS 2 a t  0.2ev.  This is the  

Fig. 28 

! H 
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~ '  P , ~ /  ..'~-I-- ~ \ B A 
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o \<  
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,. ,~ ,~ , ~ , ~ '  " ~ ,  ~ 
• , ~ ' D ' P - .  i ~ \ A , ,  A 
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Correlation of the absorption spectra features for the group VI trigonal prism 
compounds. (Corresponding group V materials also shown in C/D 
region.) 
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Fig. 29 
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Scale diagram of the band widths of the molybdenum trigonal prism 
compounds as deduced from experiment. (Tungsten bsnds almost 
identical, apart from larger spin-orbit splitting.) 

Fig. 3O 
(2H ¢{-WT¢ 2 ) 

4'-  
/ - I  

/ / 4,600 

~H(a)MoT~, ,S . . . .  

, . . . . ~  2H-WS¢2 
....,. ,"'" 

_/_ / ..... ~ .... 

( 2 H O r S e 7 /  " / . . . . = , , ' ~ " "  
. . ° '  . . . ' ' , , ' "  s' 

..o" . - . • f .... S / : , ,  
.."" -2=3R - -/~a-MoS= , '  . - "  / . , . , ' /  / 

: : : ~  :~V  . - "  
,' .*" . , " /  • • / 

d-.~";"//"~-" 1 ~-A-B SPLITTING IN GROUP Vl POLYTYPEScrn_ 1 
i i i 

o s6o tdoo 2,4oo 3,2oo 4,000 48"oo 
Spin-orbit splitting of the A and B excitons in the trigonal prism group VI 

compounds for the 2H and 31% stacking polytypes. 
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Fig. 31 
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transition of type  I across the d band gap, which it is now realized 
determines the whole character of the electrical properties of the group VI 
semiconductors. 

The way in which the details of the group VI spectra have been correlated 
is shown in fig. 28 (note the WS 2 is 3I~ type). Figure 29 is a scale 
drawing of the band widths we derive from this assignment. The sequence 
of operations by  which this latter diagram is constructed is given in the 
experimental paper (Wilson, J. A. 1969). 

One of the most noticeable changes in these spectra is the development of 
the A' and B' exciton peaks in the selenides and tellurides. Exeiton a, 
conversely, is clearly defined only in 2H-MoSe ; such high energy excitons 
are well known in more ionic materi~ls like CdI 2 and PbI~ (Greenaway and 
Harbeke 1966, Kfibler 1968). 
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6.1.2 The excitons A and B of group V I  ~ ~:o~ 

The pair of excitons A and B on the leading edge of the strong absoe~I i~  
range are interpreted as resulting from a spin-orbit split valeneg°Ig~ffO? 
The splitting value of 0-2 ev for MoS s (A. W., Me 96, S 32) is a ~  
expected (compare Cd, same space group, viz. D6]~ ~, A. W. 112, cNt~l~'tre~ 
splitting at H a of 0.2ev (Stark and Falicov 1967)). Given also~i~(~ft~.qlO, 3 
a plot of spin-orbit splitting versus molecular weight, are the varftt~ f ~ d  
for the 3R stacking polytypes. The exact peak positions were'~6i~le~[~tiq 
table 7. As seen, there is ~ remarkable difference in the )2~'(~rti~ 
splitting values, though the position of the A peak is v i r t u a l l ~ / ~ T i ~ P t t 4  
each case for both polytypes. Figures 31 and 32 show other ~ i i t i i 5~ t~ / /~  
which the spectra from the 2H and 31~ polytypes differ for M4~Nfi*~qYI~oSg ] 
respectively• l~eflection measurements on WS~ 2H p ~ a ~ ( ~ f d a 2 f f ~  
transport crystals obtained) seem to indicate that  in thi~!g~O'~ltO ltt~ 
splitting is less than for the 3R form (transport crystals). I~/l~0gt~t ~Nq2~t~ 
crystal of 2H-WS~ (kindly given to us by Dr. S. Graeser) shg~l~&tg~t~i t~  
of only 2750 em -z, as against 3000 cm -~ for the 2H powd~!aN/kP f f (~ i e~  4~ 
for the 3R transport crystals• However, to confuse m a t ~ , ~ l t e  A~)ce0tlOi~ 
this natural crystal actually fell at a considerably lower~,~?i~f~j~(l~e ~$'.I 
33), although said to contain only 6% molybdenum• I t  is clear tha t  more 
work on good WS~ crystals needs to be done. 

In the mixed systems (Mo/W)Se~ and Mo(S/Se)~ it seems (from 
preliminary experiments) that  the two exciton positions move linearly 
with composition• I t  has been found possible by t h e e  means to ' t u n e '  
the exciton position to match the ruby laser photo~ 6utput. In  this way 
we hope to s tudy the collective behaviour of the excitons at high densities. 
A Bose-Einstein condensation and excitonic superfluidity are topics being 
theoretically explored at the moment (see Gergel et al. 1968 a, b, Trlifaj 
1968, Makarov 1968, Keldysh and Koslov 1968). Mi~ed crystals have also 
proved useful m estabhshmg the identity of ~s~e~-t~*~ fea~uses between 

, ~  . . 
materials (e.g. the A', B' excitons). A further i~teres~ing result IS obtained 
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from mixed polytype specimens of a single compound. Several crystals of 
~ c s e e m  from the x-ray powder patterns (see p. 219) to have mixed or 
~ s l e s e d  2H/3R stacking. The optical spectra of these show an inter- 
gke~l}pd~avalue for the exciton pair splitting, and, at the temperature 
~ t ~ p h d  resolution used, it did not seem that  the B peak was made up to 
toiP ~rP~ate components, as might have been expected. 
b ~  ~ i o n  of the A/B exeiton pair within the Brillouin zone is fairly 
Y~P]~oI~SD~d. The two polytypes belong to different space groups--  

tiga~e~t~2(P6s/mme), 31~ to Csv s (R3m)--and fig. 34 shows the group 
li~i~fi~c~I~i~ding that  only points on or around the k z axis can supply the 
~ L e ~ i l ~ j t ~ 7 o r b i t  split pair common to both polytypes. Assuming that  

~ l ~ s  ~ n d s ,  following their tight-binding character, are described 
s to~s : f~ ,q  to F in accord with the molecular orbital scheme of § 5.2, 

ql~fi rsllye~ajt~Lion assignment for point group Dsh can be made. Even 
~ th@~ J i l ~ l  ~e group Dsh a is non-symmorphic these point group rules 
~ l~ i t~ ] t~u f f~ r~he  F point (see work of Birman 1962, Zak 1962, and Gay 
at-~o{~C~q~e!~6tion rules in such groups). In  the less highly symmetric 
gTO~c~a~o~45~orphie)  the selection rules of Cs~ are not so rigid, and in 
f.~i~ ~l~p~ka~zOif~r'rg ener°us. Dsh, the symmetry  of the centre point for a 
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mo~) amooa 3[ ~(o< Fig. 35 
Zhaoail 9vom ~r~oi/ri~ I tt 
~O/IU~ ~ O~ 8iI~OtII O ~ , _ +  ! s 

~ w  aid:t aI .3nq~u~ ~! s '~-~-f- ........... J 

~aiod aoiqodr o~a x4ibintt'~ , ," 
<6,a80~[ .~  ~s. I '  ', , \  , ,  ] .' 

oa[a ovad aM4aTIo bo:~I~/~ . , / . \"  [ I ..... I-9+ 
+ + r ~ { 

uoo~od ~o~ ~%~I '- ~'=_I ....... V ---" ~ rf 

i / I ~ t 

.+ r .+l  i, . . . . . .  :! B A 
d , ,  ,, i . , , . i -  - Z / I  

. . . . . . . . . .  - 

I ~ ~ [ " 7  

,,,<." d ~.ff.~r~.~+..r - ]  i.......:^,, 
"~;,~:U_ ',_t'2._ tT~"  

~2' s "' "~ F X 

. . . . . . . .  Suggested transitiona.tg~explMn experimental results. 
fli~olicia qlO'io ri o x I tqav~k ~ar~G~c~rlashed) fall below 2 ev 

bobauod bua ~ouiI auoum~goo ~'6-B'o~Yq 
Possible detailed assignment of transitions in MoS~. 



Transition Metal Dichalcogenides 247 

single sandwich, seems more  appropria te .  Some re laxat ion  of  D6t ~ to-  
wards D3~ would account  for  the weak transi t ions found a t  9000 em -1 in 
MoS s (possibly d~ to dx~ ~), and also for the weak  features  t h a t  show up 
between exci tons A and  B on the leading edge of  the  B peak  (see fig. 22 ; 
also Y. Liang 1967, MoS s reflection)?. Figure  35 summarizes  this 
discussion. 

At  one t ime i t  was t hough t  t ha t  excitons in l~yer compounds  might  be 
confined to a single sandwich (Shinada and Sugano 1965, t~alph 1965). 
The  resulting two-dimensional  exci ton series would then  go as : 

R 
n = 0 ,  1 , 2 , . . .  

(n+½) ~' 

(a) 

R 
n = 1, 2, 3,. 

n 2 ' • .  

for the s t andard  three-dimensionM case. However ,  for  MoS 2 crystals of  
thickness greater  t han  5000 A Evans  and Young (1967 a, b, 1968) find t h a t  
the  la t ter  expression fits thei r  optical da t a  v e r y  well (at least to  n =  4). 
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Behaviour of A exciton peak positions in MoS 2 as fuuction of crystal 
thickness. (Evans and Young 1967 a.) 

Reflection measurements which have just been made by Liang on crystals 
of 31~-WS 2 throw some doubt on the details of the above assignment. The 
crystals used were of sufficient thickness to allow reflection measurements to 
be taken from the side faces with the light polarized perpendicular and parallel 
to the c axis. In  the latter polarization the exeiton transitions A and B appear 
to be completely absent. Previously surface polished specimens had failed to 
reveM this marked polarization effect because the layers were folded over at 
the edge during polishing. 
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Harper and Hilder (1968) have now shown theoretically how the 1/n 2 

relation can hold up to very high degrees of band mass anisotropy. They 
have also demonstrated how spatial confinement of exciton bound states 
in crystals of thickness less than 5000 ~ should lead to Evans and Young's 
observation (fig. 36(a)) tha t  the high-order exciton states (n> 1) are 
pushed to energies higher than are given by the 1/n  2 expression as the 
crystal thickness is reduced (i.e. decreased binding). The radii derived 
by Evans and Young (1967 a) for the A exciton states in thick crystals are : 

so that  for n = 3, 

r~cA = 38.5 n 2, r~hc A = 24.5 n~£ ,  

rLhc A ,~ 200 ~. 

The n = 1 peak is stable in position for crystals as thin as 100 £ (see fig. 36 (b)), 
though below this the A peak does show a companion to higher energies, 
(Frindt 1965). Another striking thickness effect, noted in fig. 31, is the 
marked weakening and red shift of the D transition for t < 500 £. This 
suggests that  the D transition occurs away from the F point, possibly along 
the k~ axis. Again referring back to fig. 31 for MoS2, it is not clear why the 
transmission well following peak D ( ~ 3½- ev) shows so much more strongly 
in 2H-MoS2 than in 31%-MoS2, natural or synthetic, or in 31%-WS 2. The 
crystal quality seems no poorer ; indeed the excitons in these 3R materials 
are even sharper than for the 2H form. By contrast to this latter point, 
however, the n =  2 hump is not seen in direct transmission on the 31% 
excitons (77°K). Electro-transmission and electro-reflection measure- 
ments are currently being carried out in our laboratory to assess the binding 
energies of all these group VI excitons (G. A. N. Counell, E. A. Davis and 
J. Bordas). Separate signals of characteristic form are obtained from the 
exciton states (n = 1, n = 2) and from the band edge. The various features 
in these modulation spectra can be brought out by a suitable choice of field 
strength. Figure 37 shows a trace obtained for 2H-MoS 2 at 20°K. The 
binding energy of the A exeiton is found to be 0.050 _+ 0.004 ev, or 400 + 30 
cm -1. For 31%-WS2 this is increased slightly. 

Evans and Young's value for MoS 2 from direct transmission of 350 cm -1 
compares reasonably with the above modulation value. However, their 
value for the B exciton of just over 1000 cm -1 is quite different from the 
present finding of 360 _+ 30 cm -1. Indeed it would seem tha t  the measure- 
ments of Evans and Young have been made on the fairly strong 'anti-  
resonance' feature tha t  follows the B exciton. Features of this latter 
type have found several explanations (see Phillips 1966, §§27 and 28, 
Shinadaand Sugano 1965, Halpern 1966). The fine detail observed on such 
post-exeitonie humps (d. Liang and Yoffe 1968) has lead to the exciton- 
phonon complex (E.P.C.) interpretation. Coupling occurs between the 
lattice and the internal field of the exciton (Toyazawa and Hermanson 
1968), and is strongest in crystals of medium ionicity where the exciton 
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binding energy is comparable to longitudinal optic phonon energies (i.e. 
~0.03 to 0.05ev). Features of this type arc particularly apparent in 
the spectra of fig. 22 following the A peaks in WS2, WSe 2 and a-MoTe~. 
GaSe shows such behaviour following the indirect exciton at  2 ev (Halpern 
1966) and GaS shows a very strong hump of this type following the direct 
exciton at  4 ev (see fig. 20 (o)). This hump in GaS extends over 2000 cm -1, 
with its peak at  a similar separation from the exciton n = 1 peak. Several 
of the very strong post-excitonie features observed by Tubbs (1968) in 
layer halides like PbI~, ZnI2, Cain, BiI a may also be of this E.P.C. origin. 
The E.P.C. complex gives signals in the electromodulation experiments and 
one is apparent in the above diagram following the A exciton. 

Electro-reflection measurements on the excitons in PbI~ at 2.5, 3.3, 3.9 
and 4.4ev have been made by Gahwiller and Harbcke (1968). They 
failed to obtain clear band edge signals at the field strength employed, 
although there is a considerable amount of other detail. The exciton on the 
leading edge in PbI~ is very strong and sharp (Wl/2 ~ 150 cm -1) at 77°K, but 
has virtually disappeared at 300 °K. This is similar to the behaviour of the 
excitons in ZnO, etc. (W1/2,.~ 100 cm -1 at  77°K ; E b= 0"065 cv). From 
direct optical absorption on PbI~ (Nikitine et al. 1964) it was suggested 
that  the binding energy is ca. 0.14 ev, but the poor temperature stability 
of the PbI  2 exciton contrasts strongly with that  of the MoS 2 doublet. In 
MoS 2 etc., the A peak is still to be seen at 200°0 (Wll2, 400 cm -1 at 77°K; 
500cm -1, 300°K). The B peak is, however, more temperature sensitive 
(particularly in WS~/Se 2 and a-MoTe2), presumably because of auto- 
ionization into the degenerate bands. Excitons beyond the absorption 
edge are not in fact uncommon in more ionic compounds (e.g. the very 
stable pair in CdI 2 at 6 ev, Greenaway and Nitsche 1965 ; also see GaS/Se). 
The high energy peaks found in PbI 2 show considerable fine,structure 
(Greenaway and Harbeke 1966), which has again been attributed to phonon 
interaction. Fine structure on the exeiton peaks can also arise from poly- 
type effects, as Brebner and Mooser (1967) have noted for GaSe. There 
the indirect exciton at 2 ev suffers splittings of up to 0.004 ev from this 
cause. This is somewhat smaller than the shift already noted in the 
position of the A peak for MoS~ between the 2H and 3R polytypes 
( ~ 0 . 0 1 0 e v - s e e  fig. 31.) 

In the MoS 2 family the excitons are not only broadened by phonon 
collisions at raised temperatures, but also suffer screening of the coulombic 
binding interaction via the quite appreciable number of free carriers 
produced by thermal excitation out of the d~ band into the d/p conduction 
band (see § 7.3). Optical experiments at  very high pressures (< 60kB, 
Connell, Wilson and Yoffe 1968) suggest tha t  this latter band gap decreases 
(the peak C reddens), and tha t  the exciton binding energy (i.e. stability) is 
accordingly reduced through enhanced screening. A factor of this type 
contributes at all but the very lowest temperatures to the observed blue 
shift of the excitons (300°x, 2.0 × 10-~ev/kB ; 77°~, 1-4 × 10-acv/kB). The 
d band gap closure rate is estimated to be 2.5 × 10 -8 ev/kB, so tha t  a pressure 
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of  200 kB should close comple te ly  the d band  gap. Indeed  Minomura  and 
Dr ickamer  (1963) find a fall of  almost  three  orders of  magni tude  in p for 
MoS2 between 0 and 200 kB, wi th  then  no fur ther  change to 500 kB. I t  was 
no t  repor ted  whe ther  under  these conditions a n y  phase change occurred.  
MoT% is known to conver t  to  the/?  phase (see § 8.1) a t  high pressures and 
tempera tures .  This d i s tor ted  octahedral  layer  mater ia l  is a superconduc-  
t ing semi-metM, (P300o~ ~ 10 -a ~2-cm), lacking the  d band  gap of the  a form. 
In  a-MoT% this  gap under  room conditions is ~ 0. ] cv. I f  this in te rpre ta -  
t ion of the  pressure exper iments  is correct  a-MoT% should be an ideal 

Fig. 38 ( a )  Kenya. t -Z30 /~ .  
( b )  Japanese t ~ 200/~.  
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material on which to test  the theory of the ' excitonic insulator '  (discussed 
in § 8.2). I t  is intended to at tempt optical experiments under pressure at 
4°K on a-MoTe s to see if new phases of the excitonic insulator type are 
produced when the d band gap is reduced to the order of the exeitonic 
binding energy (i.e. ~ 0.03 ev). 

6.1.3 Phonon spectra and the indirect edge 

Direct infra-red spectroscopic evidence of the above indirect band 
gap has been secured using large natural MoS~ crystals ~ ¼ mm thick. 
Figure 38 shows the weak absorption edge at 0.25 ev. Also evident on this 
diagram is the start  of the phonon spectrum, which is shown in full in fig. 
39. The line at 27 tL still shows up for crystal thicknesses ~ 1 t~ in classical 
oscillator form, and is interpreted as the T.O. phonon. The phonon spectra 
in ZrSs, SnS2 and GaS all appear to have slightly lower energies• As yet  
similar results on the other members of the MoS s family have not been 
obtained, due to lack of large thick crystals. Measurements on 3R-MoS s 
would be particularly interesting as they would indicate through comparison 
with the 2H results the degree of inter-sandwich coupling• 

Phonon spectra cannot of course be obtained for the group V materials 
because metallic free-carrier absorption occurs throughout  the I.l~. In 
VS% (octahedral) this extends well into the visible, obscuring any direct 
absorption edge. However, for the trigonal prism materials, like NbS%, 
the thinned crystals are strongly coloured. Here the free-carrier rise 
below ca. 1 ev is well separated from the direct absorption edge above 
ca. 2 ev. The position of this free-carrier rise so far into the I.R. demon- 
strates the small width of the band (dz,), in which the metallic carriers lie. 
This was estimated above from the group VI spectra to be of about 0.5 ev 
(see fig. 29). Such a value is thought to be very close to the lower limit for 

Fig. 40 
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simple band formation t. Despite the fact that  the direct interband 
transitions are not overlaid by  the free carrier absorption, all spectral 
detail is lost from these group V materials as compared with their group VI 
counterparts (see fig. 40). The free carriers lead to a general broadening 
through collision processes, and also to loss of excitonic features through the 
coulomb screening (see § 7.3). 

6.2. The Group I V  materials 

In contrast to groups VI and V, the 3d dichalcogenides of group IV 
(Ti) have the same structure type as do its 4d and 5d members (viz. CdI2). 
The transmission spectra show that  the 4d (Zr) and 5d (Hf) compounds are 
energetically very similar (a reflection of the lanthanide contraction), 
whilst the titanium compound transitions are to considerably lower energies. 
All are semiconductors but  the ti tanium compounds, and particularly the 
sulphide, because of the very poor stoichiometry (n> 10~°/cmS--e.g. 
Bernard and Jeannin 1962), differ in that  free-carrier absorption encroaches 

Fig. 41 
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and I~eOa, of 1.4 and 2.0 ev respectively. 
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almost to 1 ev. Stoichiometry is shown to be better  in ZrS 2 and HfS%, and 
in HfS 2 there is no trace of free-carrier absorption to 15 t~ (Greenaway and 
Nitsehe 1965). This finding matches the changes in resistivity, etc. for 
these compounds, as normally prepared (see § 7.1). 

I t  has been found that  the group IV materials also possess an indirect 
edge, bu t  this shows to considerably higher energies than for the group VI 
ease, and with greater oscillator strength. I t  is the stoichiometry difference 
which explains why MoSs, etc. are invariably intrinsic at room temperature, 
whilst the group IV materials are always extrinsic. The optically deter- 
mined indirect edge positions are : 

ZrS s 1.75, HfS s 1.95, HfSe s 1.15ev, 
(Greenaway and Nitsehe 1965) and these values have been used in con- 
structing the block banding of fig. 41. The construction details are again 
given in the experimental paper  (Wilson 1969 a). As is seen the d band 
here may be up to 2 e v w i d e :  The width of the top valence bahd seems to be 

0.6 to 1 ev, a value similar to that  obtained by  calculation for the non- 
transition metal layer compounds GaS (Bassani and Parravicini 1967), 
SnSs (Au Yang and Cohen 1969) and BisTe 3 (Borghese and Douato 1968). 

An unusual feature common to all the group IV spectra is the sharp 
peak topping the leading absorption edge of direct transitions. Though 
this feature sharpens considerably on cooling, it undergoes no appreciable 
temperature shift and shows no fine structure. I t  is not clear then whether 
it is exeitonic in character and measurements at liquid helium temperature 
together with modulation experiments need to be made. Also sharpening 
strongly is the peak of maximum absorption, and it may  be that  this peak, 
together with the leading feature, form a spin-orbit split pair. I f  the 
features are exeitons, it is a little strange that  in the most stoichiometric 
compound, HfSs, the peak has not the sharpness shown by  ZrS s and HfS% 
(see also fig. 23 (a)). 

6.3. The Group V I I I  Layer Dichaleogenides 
In group VII Ic  the d band is completely full and the semiconductivity of 

PtSs and PtS% follows. However, because of the relatively low heat of 
formation (< 30kcal/mole; Westrum et al. 1961), the band gap, d + a * ,  
accordingly, is small. This is confirmed by electrical measurements 
(Eg °1, PtS2 0.Tev; PtSe s 0.1ev--Hull iger  1965). All the spectra are 
disappointingly bare. For the tellurides NIT%, PdTe s and PtT% it seems 
that  the a* band dips into the d band, as these materials are all metallic, and 
highly opaque (PdT% is a superconductor, T~= 1"5°K). They resemble 
more the tellurides of group VIIIb ,  fi-CoTe2, fi-l~hT% and IrTe2, which are 
expected in any case to be metallic. Again these compounds are extremely 
opaque. Poor stoiehiometry, particularly for CoTes, seems to contribute 
to this and the crystals available tended to cr~ck badly during cleaving. 
For all these group VI I I  materials e/a is small, with large a values and a 
contracted van der Waals gap (see table 2, and compare BisTe3). The 
cause of this structural deformation is discussed in § 9.2. 
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6.4. U. V. and Electron Energy Loss Spectra 

The above t ransmiss ion spectra  are supplemented  b y  some u.v.  reflection 
work on MoSe (Davis 1968, pr iva te  communicat ion) ,  and  on the  group 
IV materials  (Greenaway and Nitsche 1965) out  to  ]2ev ,  and also b y  
electron energy loss spectra  on the  materials  of  groups IV, V and VI  (Liang 
and Cundy 1969). The  la t te r  t ype  of spectra  are known to show peaks in 
regions where bo th  e 1 and  E 2 move  close to zero. This of ten  occurs following 
one strong absorp t ion  band  and before the  commencemen t  of  another .  

Fig. 45 
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Pseudo-potential calculated band structure of SnS%. (Au Yang and Cohen 1969.) 
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An example of this is shown in fig. 42, where el, e 2, and the imaginary 
par t  of 1/E (proportional to the 'energy loss') are plotted together for 
~[oS 2. These plots follow a Kramers-Kronig analysis. The corres- 
ponding n and k plots are shown also. The observed electron energy loss 
spectrum is shown in fig. 43. A direct v.v. reflectivity plot for MoS 2 is 
given in fig. 44. The deep absorption well at 9 ev is clearly picked up by 
the energy loss spectrum. The loss peak at 23.4 ev is tha t  of the plasma 
resonance response for the 18 valence electrons of MoS2. In NbS 2 and 
ZrS 2 this energy falls to 22.3 ev and to 20.3 ev, as the number of valence 
electrons falls to 17 and 16 respectively. The 8.9 ev peak for MoS 2 occurs 
in NbS~ at almost the same energy (8.7 ev), as it should if indeed the b ind  
structures are closely similar. In the 5d materials, like WS% and TaS%, 
this peak is not  so well defined. Conversely, in group IV the low energy 
peak which occurs just short of 4 ev is bet ter  defined for the hafnium com- 
pounds than for the 4d zirconium compounds. Again this is in good 
agreement with the wells found in both absorption and reflection at this 
energy. The group IV reflection spectra obtained by Greenaway and 
Nitsche (1965) were shown in fig. 23. 

I t  is interesting to note tha t  despite the common number of valence 
electrons the plasma resonance occurs in SnS 2 at a considerably lower energy 
than in ZrS2, viz. 18.2 ev as against 20.2 ev. The reflection spectrum for 
SnS2 has been given in fig. 23. The electron energy loss spectrum of SnS 2 
picks out the well at 9.1 ev clearly. These spectra for the group IVA layer 
dichalcogenides are then quite different from those of the IVB layer 
compounds, which is not  surprising in view of the different characte ~ of the 
states mixed into the valence band. 

SnS 2 is the only AX 2 layer compound for which a complete band structure 
has been published (Au Yang and Cohen 1969). This is shown in fig. 45. 
I t  was obtained by the semi-empirical pseudo-potential method. I f  the 
results are to be trusted on this point, it indicates tha t  many of the bands in 
the FA direction (i.e. for electron waves propagating in the c direction 
perpendicular to the sandwiches) are not  as flat as might have been ex- 
pected from the low conductivity in this direction. The same feature is 
found in the published band structures of Bi2Te a (Borghese and Donato 
1968, Katsuki  1969). 

The similarity between MoS2 and GaS--which might well be written as 
(Ga2)S 2 to indicate the common 18 electrons per ' u n i t '  (see § 4)--is again 
rather  superficial, as is revealed by the energy loss measurements. The 
main plasma resonance occurs in GaS at only 17-2 ev, compared with 23.4 ev 
in Mo82. A small energy loss peak in GaS at 7.5 ev marks the sharp dip in 
reflectivity at this energy ; to be seen in fig. 23. The two non-bonding d,.~ 
electrons of MoS2, which lie within the a~* gap, are in GaS replaced by the 
electrons of the metal -metal  Ga~ bond, and these are mixed into the top of 
the principal valence band. Various preliminary at tempts towards 
elucidating the band structures of these I I I - V  compounds are now available 
(see Kamimura and Nakao 1968, Bassani and Parravicini ] 967, Andriyashik 
et al. 1968). 

A.P. U 
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Fig. 46 
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Soft X-ray absorption spectra (L III) of MoS 2, (NH4)~MoOa and Mo03. 
(Experimentally, points placed every electron volt with accuracy 
0.15 ev--Barinskii and Vainshtein 1957.) 

Another high energy technique which can yield useful information on 
band structures is soft x-ray absorption. The L I I I  absorption spectra 
(x-rays generated by  5 kv electrons) involve excitation of the 2p electrons. 
Accordingly transitions to high energy unoccupied s and d states will show 
up most strongly. The L I I I  x-ray spectra of MoS 2, MoO 3 and (NH4) 2 
MoO 4 are shown in fig. 46. Transitions into the upper empty  non-bonding 
d band of MoS 2 appear strongly. Since the points are spaced only every 
electron volt, and then have an uncertainty of about  0.15ev, the fine 
structure must be viewed with some suspicion. However, the leading pair 
of sharp peaks in (NH4) 2 MoO 4 represent typical ly '  salt-like' d states. The 
aa* gap is known to be about  7 ev (see Muller et al. 1967). The edge in MoO~ 
also corresponds with the optical absorption edge of 3 ev (see Dickens 
and Neild 1968). A very interesting experiment of this type  would be with 
NbS2. Now that  experimental techniques have improved somewhat it may 
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be possible to pick up a narrow line preceding the first hump of MoS 2, 
corresponding to transitions into the now half empty d~. band. A recent 
example of soft x-ray absorption made on the various oxides of t i tanium 
is that  by Fischer and Baun (1968). 

§ 7. THE ELECTRICAL AND MAGNETIC PROPERTIES OF THE 

:Regular LAYERED T X  2 DICHALCOGENIDES 

7.1. The Group I V  Dichalcogenides 

The observed electrical properties of this group of materials are readily 
understood in terms of the band diagrams of fig. 41, plus a knowledge 
tha t  they persistently form in non-stoichiometric proportions. This latter 
tendency is much worse for t i tanium (cf. TiO2) than for zirconium or hafnium, 
(see pp. 213 and 253), and again for the tellurides than for the sulphides. 
The d band in these compounds must be much better established than in 
TiO 2 since the latter, in non-stoiehiometric condition, shows the much 
investigated low-mobility small polaron transport behaviour~. For 
diehaleogenide specimens on the other hand, the conductivity can quickly 
rise to 1 ~-em -1 or higher. The electrical character of the dichalcogenides 
is likely to be determined by the known excess of metal atoms, sited in 
the van der Waals gap sites, donating electrons through into the otherwise 
empty d band. n-type behaviour is indeed always observed. Of the 
whole group only HfS2 has been prepared stoichiometrically enough to allow 
an electrieal determination to be made of the intrinsic energy gap. The 
value obtained by Conroy and Park (1968) (2.1ev) is close to the value 
deduced by Greenaway and Nitsehe from an analysis of the indirect 
absorption edge (a-+d, see p. 254. For TiT% this gap has shrunk to close 
to zero, and indeed TiT% may just be a semi-metal. 

The following data drawn from McTaggart and Wadsley 1958), Grimmeis 
et al. (1961) and Conroy and Park (1968) show some typical results, as also 
does fig. 47. 

n 
p 
S 

TiS2 

9 x 1020 
5 x 10 -3 

-- 200 

ZrS2 

1018 
1 

-- 700 

HfS2 

< 1017 
> 105 

- -  1000 

TiTe 2 

1021 cm-a 
2 x 10 -5 f2-cm 

- 2 0  ~ v / ° e  

The conduction mechanism in TiO2 is again being queried--see Sol. Stat. 
Comm., 7, 245 (1969). Electrical switching effects similar to those reported in 
amorphous materials are currently being found in several semiconducting 
layer crystals, e.g. ZrS2, SnS2, ASS%, Sb2Sea, etc. by a number of investigators. 
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7.2. The Trigonal Prism Group VI  Materials 

7.2.1. General electrical results 

These compounds are diamagnetic and are quite unlike the localized 
spin paramagnetic layer salts, such as FeC12 or VC12. All the properties of 
layer materials are very anisotropic, and for MoS 2 the molar susceptibility 
values are : 

XJ_-- - 5 0 ×  10-% X, = - 1 1 5 ×  10-6c.g.s.e.m.u. at 300°K, 

see fig. 48. The actual measurements by Paul (n@ Das, 1968) were of X± 
and X- -  X i1. 

Fig. 48 
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Magnetic susceptibility of MoS 2 crystals. (From Das 1968.) 

The conductivity values parallel and perpendicular to the layers indicate 
a ratio possibly even in excess of 10 a. The two values show similar tem- 
perature behaviour, the mobilities carrying the 10 a factor and the carrier 
number changing exponentially with temperature. A majority ofgroup VI 
samples appear intrinsic in the temperature range 250 °~ to 500 °x with 
respect to the indirect d-d  gap mentioned earlier. In MoS2 this band gap is 
of approximately 0.25 ev, and typical self-consistent values at 300 °K are : 

Egg0.2ev,  RH~100cm3/coul, n=1016-1017/cm 3, S~500t~v/°x 

a(±c) = 0.1 - 1 (ohm-era) -1, (~E)e g (t~It)h ~ 100 cm2/v-see. (±c). 

Electrical measurements on single crystals of MoS2, etc. have proved very 
difficult to obtain satisfactorily, due to the layered character of these 
materials. The crystal edges are exceedingly soft and any damage on a 
microscopic level must lead to extensive ' shorting ou t '  of the high crystal- 
line anisotropy of the sandwiches. Preliminary measurements of a.e. 
conductivity parallel to c in which a guard ring technique was used show 
that  the conductivity is proportional to frequency in the range 105 to 107 e/s. 
This is consistent with a hopping mechanism across the layers particularly 
at low temperatures (Shaw 1969). Several d.c. measurements on the 
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Table 9. Collected electrical da ta  on the 

Worker  

Lagrenaudie 

E v a n s  and 
Young  

Mansfield 
and  
SMaam 

Regnault 

Brixner  
wi th  
Teufer 

Hicks 

Revolinsky 
and 
Beerntsen 

Champion 

Lepet i t  

Kershaw 
et at.  

Fivaz 

Date  

1954 

1965 

1953 

1952 

(a) 1962 

(b) 1963 
(c) 1963 

1964 

(a) 1964 

(b) 1966 

1965 

1965 

1967 

1967 

Substance 

MoS 6 

MoS s 

MoSs 

MoS6 

MoSe2 
W S %  
a-MoTe 2 
WSe6 
WS% 
MoSe s 

MoS% 
WSes 
~-MoTe 6 

MoS% 
WS% 
~-MoT% 

~-MoT% 

M o S e  6 
WS% 
~-MoTe 6 

~-MoTe 6 

WSe6 

MoS~ 
MoSes 
WSes 

Specimen Carrier 
prepara t ion  type  

Resis t ivi t ies  (f2-em) and  
ac t iva t ion  energies (ev) 

Na tu ra l  crystal  p E~<300°K,  0.03 to 0.06 ev 
>700°K,  0.72 ev 

Natural crystal 290°K, pHc=2 × 108 
p.l.c: 12 

E a <  400°K=0"87 ; 
> 400°K= 0.08 ev 

Natural crystal Mainly p3OOOK between 3 
p and 100 ~-cm 

Ea(< 600°x)0"03 to 0.14ev 
Ea( > 600°K) ~ 1 ev 

Na tu ra l  crystal  n -~p  E~=0.14 ,  Eh--0 .14  ev 
p EhU)= 0.05, Eh(6)=0.12 ev 

Compacts  n 300°~:, 3.4 77°K, 480 
Powder synth .  1100°c, p 0-5 15 
I s / B r  ~ ~ransport  700°c, n 8'5 1350 
sintered 600-800°c p 300°K, 0"72 77°]~, 120 
after  cold pressing at p 
7kB n 

Compacts  100°c 600°0 
Reacted at  550°c, n 0.6 0.8 
sintered at 1000°c, p 20 1 
pressedto  92% theoret, n 25 0.1 

Compacts  p p ~  10 a a t  300°K 
Powder  synth .  750°c, p ~ 10 at  550°K 
p r e s s e d 5 k s  and300% p Ea MoSe s 0.t ev 

to ~ 85% theoret .  WSe 6 0.09 ev 
well-defined 

pressed 5 kB and 300°c p Ea ~ 0" 18 ev ; 
to  N 85% theoret ,  pa°°°K--2000 ~-cm 

650°c products  p 300°K' p 106 
400 

ra ther  loosely p 14000 f~-cm 
compacted p 

Transpor t  crystals  
720% ; Br 2 

p by  
Nb 

doping 

Transpor t  crystal  p 
750% ; I s 

Transpor t  crystals  Br 2 All n 
growth  tempera ture  includin~ 

MoS 2 and WSe s WSe 6 
> 900°K 

p peaks a t  600°~, ~ 1 f~-cm 
Ea(>650°•)  0-50 ev. 

I n type  ( T <  300°K) 
0.08 ev 

) p type  ( T <  100°~) 
L 0.005 ev 

I-Iall coefficient R~ 
(cma/eb) 

50 at  300°K 
(two samples wi th  
3000) (see fig. 50) 

300°x 
--110 

+ 8 0  
--85 

Gradient  break 
at  600°x. 

Ea > 600°K = 1"23 eV 
others  as  for p. 

n type R~ (300°x) 
N5 

p type  RH (300°x) 
H I  

pl00°~ ~ 30 ~-em 

p a00°K ~ ]0 ~-CI~ 

~1"5 

300°K >300°K 
1000 Ea 

100 0"16 to 
100 0"07 ev 

(see figs. 51 and 53) 
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Carrier concen t r a t ion  
n c m  -5 

1016 a~ 100°K 
2 × 10 :: a t  300%: 
5 × 10:7 a t  700°K 

(two samples  w i th  3 × 1015 
a t  300°K) 

' Cent re  ' n u m b e r s  
(i) 10:gn, 5 × 10:4p. 

(ii) 1.4 × 101np (1), 
1-7 × 10:Sp (2). 

300%: 
5.6 × 1015 
8 . 0 ×  10 :e (see fig. 68 (a)) 
7.3 × 10 TM 

n ~ 1016, 
fal l ing in n t y p e  sample  

t o  1014 a t  77°K 

t t a l l  mobil i ty/~H 
(emS/v-sec) 

~56oo~ ~ 150 
var ies  as T -1"4 

s t eepen ing  above  500°K 

300°K 
15 
99 
12 

300°~ 
n type  ~ 50~  be low lO 
p type  N 3 5 f b y  650°K 

n : o c t  - : '5  (80°K) - 330°K 
T-~-5 330oK --(600°K) 

p :ocT-1"4(250°~) - 570°~ 
T-3 570oK--(630oK) 

Seebeek coefficient S 
(~v/°c) 

600, 
sha rp  rise below 

180°K 

300°x - -900  
+ 9 9 0  
- -780  
+ 7 0 0  

100°c 600°c 
- -900  + 190 
+ 5 6 0  + 5 3 0  
- -360  - -100  

300°K ~ + 4 0 0  
+ 6 0 0  
+ 4 0 0  

300°K + 4 5 0  

300°K + 3 0 0  
+ 600 
+ 4 0 0  

A t  300°K ~ 600 for b o t h  
n a n d  p type ,  fal l ing 
above  600°K to smal l  
posi t ive  va lue  a t  1000°x 

Further comments 

WS~ powder  also r epor t ed  to bo 
p t y p e  ; Ea  0.04, 0.11, 0-18 ev.  
Opt ica l  abso rp t ion  above  1-1 ev  
in b o t h  c o m p o u n d s  

R e s i s t i v i t y  p lo t  (see fig. 49). 
E v a n s  a n d  Y o u n g  f ind weak  
opt ical  abso rp t ion  a t  1.5 ev  

Low m o b i l i t y  t e m p e r a t u r e  expo-  
n e n t  s imi la r  to Lepe t i t ' s  on  p 
t y p e  co-MoTe 2 in t h i s  t empera -  
tu re  r ange  

C o m p a c t s  d id  no t  achieve  den-  
s i t ies  o f  m u c h  more  t h a n  90% 
theore t ica l  (see t t i cks  also) 
T h e r m a l  eonduc t iv i t i e s  : 

2 × 10 -3 w / c m - ° c  

p t y p e  WSe2 m a y  s igni fy  t h a t  
t u n g s t e n  c o m p o u n d s  less l ikely 
to be  me ta l - r i ch  t h a n  are  mo lyb-  
d e n u m  p r o d u c t s  

F i n d  d isorder  peak  in  p for 
m i x e d  s y s t e m  (Mo/W)S% (all 
p type)  

p (300°K) ~ 1 0  
compos i t ion  Mo:.05Te ~ 

These  res is t iv i t ies  are  v e r y  high.  
P r e p a r e d  in  presence  o f  excess  
eha lcogen  a n d  a t  ve ry  low 
t e m p e r a t u r e  

p a n d  Rg  (see fig. 55) 
t ~  (see fig. 56) 
S (see fig. 57) 

/~ (300o~) N 100 500°K 300°:: 80°~: 
10 l~ 6 ×  1015 1015 
101~ 5 ×  1016 1015 
10:~ 5 × 10 TM 10 TM 

This  s ample  of  WSe  2 appea r s  
a lmos t  c o m p e n s a t e d .  I t  is t h e  
on ly  case o f  n t ype  behav iou r  
r epo r t ed  for W S e , ,  a n d  is 

i poss ib ly  due  to t h e  h i g h  g rowth  
i t e m p e r a t u r e  

ocT -2"6 (or greater)  > 300°K 
T-2"5 > 250°x 
T-5.a > 120°~ 

(see figs. 52 a n d  54) 
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selenides and tellurides have been undertaken using sintered compacts, but  
here again a considerable scatter results. Crystals and compacts of both 
carrier types have been reported. Table 9 records some of these details. 

Fig. 57 

S 7oo~ soo~ 
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Seebeck coefficient-temperature dependence for a-MoTe s transport crystals 

Three important  points may be abstracted from this collection of data. 
(a) That a good case can be made for the intrinsic condition detailed above, 
which would match our small band gap model for the MoS 2 family. Even 
in crystals close to being compensated (e.g. Fivaz and Mooser's WSe 2 
1967--fig. 53), the resistivity does not reach very high values at room 
temperature (contrast HfS2, SnS s and PbIs, E ~ 2 . 0 e v ) .  (b) That the 
hole and electron band masses associated with the d~. and d/p bands 
respectively are approximately equal, the room temperature mobility 
values (J-e) being close to 100 cm2/v-sec. Such values are compatible with 
band widths ~ 0-5 ev (compare SnS2, /Y'H ~ 300 cmS/v-sec--Busch et al. 
1961), and are considerably greater than for compounds like VOs, NiS or 
SrTiO 3 (/~ < 10). (c) That  the occurrence of mobility temperature expon- 
ents greater than 2 is evidence in favour of Fivaz's theory of carrier- 
phonon interaction in layer compounds. Fivaz (1966, 1967), Fivaz and 
Mooser (1964, 1967) argue that, because of the sandwich nature of the 
crystal, homopolar vibration of the sandwiches due to optic phonons travel- 
ling in the layers polarized I[c will be strong, and that  scattering of the 
carriers by  these phonons leads to an exponent n, in the relation 

which is dependent on the phonon energy, and Mways numerically greater 
than 1.5. (The acoustic phonon scattering exponent is deduced to be 
constant at uni ty- -compare  1.5 in the three-dimensionM case,) The 
predicted homopolar phonon energies for GaSe and MoS s (fig. 58) fall at 
similar positions within the full phonon spectrum of these compounds, but  
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are difficult to spot exactly as the transition is optically forbidden [GaSe 
345cm -1 (Leung et al. 1966); MoS 2 490cm -1 (see fig. 39)]. The high 
temperature exponents obtained on a-MoT% by Lepetit (1965) would, 
however, suggest a phonon energy there greater than for MoS 2. Prelimin- 
ary infra-red measurements do not support this unlikely eventuality't', and 
as both Lepetit, and Hicks (1964), point out (see also Champness and 
Kipling (1965), working on Bi2T%, where the exponent can rise to almost 
4), these high exponents can arise when V.+zV. h. This does not seem too 
unlikely for the MoS2 family, as the following room temperature results 
on heavily doped n and p type MoS% suggest : 

From Hicks 
(1964) 

Mo 0. 99Ta0 • OlSe2 
Mo0.gsRe0 .028e2 

MoS% 

Rlf 
(ema/cb) 

+0"11 
--0.14 

--  100  

n 
(cIn -3) 

6 x 1019 
4"5 × 1019 

6 x 10 TM 

P 
(~-cm) 

2"5 x 10 -a 
4"3 x 10 -2 

(em2/v-see) 

50 

Free  
carriers/ 

substitute 
atom 

0.4 
0.15 

At temperatures where ' s tandard '  samples of the group VI materials have 
moved into the intrinsic region (with respect to the d band gap) we will 
have for the mixed  carrier situation : 

37r (n la /%2 _ n e  b"e2~ 
c~ = nle~l  + n~evo 2 and R~ = ~ -  \(nh/~h -1- ne/~e)2] 

and if n~ -~ %1, then with/~¢ ~'~h, Rn--> 0. I f  such a decrease in RtI when 
the temperature is raised were to be associated with a single free-carrier 
type via equations ¢ = n e l z  and RIt = 1~he, one would then interpret the 
carrier mobility as falling rapidly. Fivaz's interpretation of the experi- 
mental data may well be faulted over this point. Further details of 
Lepetit 's conclusions concerning the electrical data are given in table 9, 
and of Hick's work on p. 281. 

As mentioned, R u for a-MoT% has been observed to fall very rapidly 
with increasing temperature above 400°c (Lepetit 1965). This fall is also 
accompanied by one in resistivity, but the gradient energies do not agree 
(see fig. 55). The resistivity gradient gives ca. 1.0ev fairly close to the 
expected position of the ¢-+ d/p absorption edge--whilst the gradient for 
R H gives ~ 2-5 ev. A similar finding was made by Mansfield and Salaam 
(1953) on p type MoS 2. Lagrenaudie (1954) and Evans and Young (1965) 
have also reached a region of rapid fall-off in p for MoS 2 (fig. 49). The 

Abdullaev et al. (1967) report also the same mobility temperature coefficient 
for InS, InSe and GaSe (Moscow Conf., p. 1237 (1968)). 
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latters' resistivity gradient of 1.75ev is again close to the extrapolated 
position of the edge A, for a working temperature of 200°c. I t  is not clear 
by what mechanism excitations of this energy from the a band should take 
apparent preference over those from the d / b a n d  in the processes of thermal 
excitation, though internal radiation and re-absorption may  play a part  
(cf. thermal conductivity in GaSe above 150°c--Guseinov and Rasulov 
1966). The materials certainly have very low absorption coefficients at 
energies up to the direct edge. 

Fig. 58 
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Plots of the mobility temperature exponent to be expected as a function of 
phonon frequency for various scattering modes according to Fivaz's 
theory. (Fivaz and Mooser 1967.) The exponent n in ix=t~o(T/To) -n, 
where T0=300°K, for interaction with (a) homopolar optical modes; 
(b) polar optical modes; (c) acoustic optical modes. 

7.2.2. Electromagnetic work on the A and B excitons 

A photoconductive response has been obtained from this region of the 
spectrum (Wieting 1968) which closely matches the optical absorption 
results (see fig. 59). However, in several specimens the photoconduction 
peaks are observed in positions slightly shifted towards the blue, and 
additional small features are observed on the sides of the peaks, some of 
which were field dependent. The quantum yield was fairly independent 
of light intensity, but  decreased with decreasing temperature. However,  
sizeable signals were still obtained at 3O°K. Conduction band lifetimes 
were relatively long at 10 -2 sec. 
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Fig. 59 
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Photoconduction in MoSe 2. (Wieting 1968.) (a) Photoconductive response, 
(b) optical absorption in same specimen. 

Some magneto-opt ical  work on the MoSs excitons has been under taken  
which leads to interesting exciton and band mass data,  complementing 
t h a t  from zero-field measurements .  Harper  and Hilder (1968) have shown 
t h a t  in anisotropic crystals the  exciton Ryberg  constant  is given by  : 

where 

R e=f (v ) .  ~ R~yd 
m0E2 " 

,( 1 
~ - - 3 ~ ±  2 +  , wi th  - + , 

• ei, P,~l P-~II ±,i 

and the scaling parameter  

E'~= E±EII 

= 3 ( ~ - ~ )  , 1  - q wi th  q = eld~,~±/~-----~ 

The function f (y) is dependent  on the quan tum numbers of the bound 
excitonie state in question. ~ ranges from zero to 1.5 (for q = 0 in the case 
of extreme anisotropy) and in MoS s is found to be ~ 0.8. Harper  and 
Hilder show t h a t  for such a value of 7f(~) ~ 1 for the exciton S states. This 
allows the simple hydrogenie-like formula to be used to evaluate  t~ (for 
MoS~, e±= 6.76, e, = 2.74, Evans  and Young 1965). I t  should be noted  
here t ha t  7 is kept  below l, by  the part ial  compensation in q of the ratios 
E±/E II and F±/tL i," The value of ~ obtained for the A exciton is 0.06m 0. 
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Diamagnet ic  shift  measurements  on the exeitons (Evans and  Young 1968) 
allow a value of/,~A to be assessed, giving the exci ton mass anisot ropy as 

F,±A=0.065m0, b:HA=0"46mo and /~'_2 ~ 7 .  

Magneto-oscil lat ion measurements  carried out  on the 2 ev exei ton in GaSe 
(see Ha lpern  1966, Aoyagi  et al 1966) at  helium tempera tu res  yielded there  
the  values:  

/~±=0.1¢mo, /J,~ =O.7m o and t*~__ ~5 .  
/*± 

I f  the mobil i ty  rat io deduced by  Fivaz and  Mooser (1967) ±e in n and p 
type  GaSe is val id at  5 to 1, then  (m~/mh) ± = 1/@5, and  one obtains there  

me ± = 0.2m0, mh± = 0.44m 0. 

This value of mh± means  t ha t  the limit deduced  b y  Fivaz  (1967) for self- 
t rapping  of the exei ton is closely approached.  

7.3. The Regular Group V and Mixed V / V I  Materials 

7.3.1. Group V materials as antiferromagnetie metals 

The layer  compounds  of  group V divide into four classes. The ditellu- 
rides have  d is tor ted  octahedrM coordination.  These and  the  unusual  
octahedral  1T forms of  TaS 2 and TaS% are considered separate ly  in § 8. 
The remaining two classes are undis tor ted  layer  s t ructures  having 
octahedral  (VS%), or t r igonal  prism coordinat ion (NbS2, NbS%, TaS2, 
T a S % - - 2 H ,  31~ or 4Ha  po ly types - - see  fig. 3). The  band  models given 
above indicate t h a t  the  materials  in each of  these la t te r  two classes are d 
band  metals.  VS% seems a somewhat  be t t e r  meta l  t h a n  the tr igonal  
prism materials,  where the single free-carrier  ha l f  fills the  nar row d~,~, 
band.  The room t empera tu re  resist ivi ty of  VSe 2 is ~ 10 4 f2-cm, whilst 
t ha t  of NbS%, etc. is ~ 4 x 10 4 f2-cm. The free-carr ier  absorpt ion for 
VS% goes r ight  th rough  into the visible range (cf. the  metallic oxide 
ReOa--Feinle ib  et al. (1968)), whilst t ha t  for the NbS 2 fami ly  dies away in 
the  near  I .R.  a round  10 000 cm -1. In  NbS2, etc., since the  plasma limit 
occurs a t  an energy less t han  t ha t  of the  direct  absorpt ion  ~dge (cf. 
CoS 2 fig. 84) an exact  location of cop can be made. A calculation of  the 
effective mass f rom the  simple expression~ cop=(47rne~/m*) 1/2 yields 
m * =  2.6m e. The  high effective mass here is in s y m p a t h y  with the  f~ct 
t ha t  NbS~, etc., are superconductors  whilst VS% (and Re02) are not  (see 
p. 309). 

$ I t  has recently been confirmed by Hall coefficient measurements that  
NbSe 2 has indeed one free electron per formula unit (Lee et al. 1969). The 
sign of the Hall coefficient is positive, whilst that  of the Seebeek coefficient 
is negative (see table 18.) 




