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The sulfur K and metal La1 absorption spectra of transition-metal trichalcogenides (TMTC’s) were 
measured. The matrix element effect plays an important role in these spectra. It was considered that 
the structures up to 5 eV above the absorption edge reflect the chalcogen antibonding band, the metal 
nonbonding d,z band, and the metal d bands, and that the higher energy structures are derived from the 
metal s and p bands. The chalcogen antibonding band ariseS from chalcogen pairing and the metal d, s, 
and p bands are the mixture bands with chalcogen p orbitals. Evidence that shows that the lowest 
conduction band of the group IV TMTC’s is the chalcogen antibonding band is presented. The overlap 
of the metal d and metal s bands is promoted by increasing the atomic number of chalcogen atoms. 

Introduction 

Transition-metal trichalcogenides 
(TMTC’s) crystallize in layer-type struc- 
tures with one-dimensional chains (I). We 
may consider a distorted bicapped prism as 
a basal element, a central metal atom being 
coordinated to the eight chalcogen atoms at 
the corners. The neighboring chains are dis- 
placed by one-half the prism height along 
the chain axis and linked together to form 
an extended layer. The bonding between 
the layers is due to the van der Waals force 
and the crystals can be easily cleaved. In 
this sense, TMTC’s are layer compounds. 
However, the fact that the conductivity ra- 
tios ada, and u~,/v~ of NbSe3 are 500 and 
20, respectively, suggests that they would 

rather be regarded as a quasi-one-dimen- 
sional compound at least with respect to the 
electrical properties (2, 3). These features 
reflect the electronic band structures, espe- 
cially the valence and conduction band 
structures near the Fermi level. Such a low 
dimensionality brings about the formation 
of the charge density waves and the metal- 
semiconductor transition associated with 
the Peierls instability (4, 5). 

Energy band calculations have been car- 
ried out for some of these compounds by 
Bullett (6-9), Hoffmann et al. (ZO), and 
Myron et al. (II). The optical experiments 
have been done by many workers. The pho- 
toemission spectra, which give us informa- 
tion on both the core levels and the valence 
band structures, have been measured for 

0022-4596/84 $3.00 
Copyright 0 1% by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

170 



TRANSITION-METAL TRICHALCOGENIDES 171 

TiS3, ZrS3, ZrSej, HfSe3, NbS3, TaS3, 
NbSe3, and TaSe3 by Jellinek et al. (Z2), 
Margaritondo et al. (13), Endo et al. (14 
16), and Zhao et al. (17). The reflectivity 
spectra have been measured systematically 
for the group IV compounds by Khumalo 
and Hughes (18) and Khumalo et al. (Z9), 
and the optical absorption has also been re- 
ported for TiSs, ZrS3, ZrSe3, and HfS3 by 
Grimmeiss et al. (20), Scharer and Shafer 
(21), Perluzzo et al. (22), and Kurita et al. 
(23), which give us information on the joint 
density of states and on the direct and indi- 
rect energy gaps. At present, however, the 
conduction band structures remain almost 
unknown. 

This paper presents the sulfur K and 
metal LIII absorption spectra of TMTC’s 
and we discuss the electronic band struc- 
tures with the aid of the band calculations, 
the photoemission spectra, and the other 
optical spectra. We also investigate the 
band character from the comparison of the 
different kind of absorption spectra of the 
same compound. 

Experiments 

All the samples used here were prepared 
by a direct reaction of elements in stoichio- 
metric amounts in evacuated silica am- 
poules. The synthetic conditions for the 
group IV compounds have been described 
in Ref. (24) in detail. The crystal structures 
and the lattice parameters were determined 
from X-ray powder patterns. It was possi- 
ble to assign the Miller indices to all the 
diffraction peaks. The measurements of X- 
ray absorption spectra were done using a 
Yohan-type vacuum soft X-ray spectrome- 
ter having a Rowland circle with radius 30 
cm. The sample was installed in the appa- 
ratus in the form of a thin film by rubbing 
fine powder onto a sheet of thin paper. T_he 
dispersing crystal was quartz with a (1011) 
pla_ne for S K absorption spectra and with a 
(1010) plane for Zr Lnt and Nb LnI absorp- 

tion spectra, respectively. The spectra 
were obtained by step scanning with unit- 
step energies of 0.29, 0.27, and 0.32 eV for 
the S K, Zr LIII, and Nb LuI spectra, respec- 
tively. The experimental details have been 
described in previous papers (25, 26). 

Results and Discussions 

(1) The Group IV Compounds 

We know that Ti& ZrS3, and HfS3, the 
group IV compounds, are the semiconduc- 
tors with the indirect energy gaps of 0.9, 
2.0, and 2.8 eV, respectively (20-23). Their 
S K absorption spectra are shown in Figs. 
1,2, and 3, together with the corresponding 
photoemission spectrum. The insets show 
the reflectivity spectra measured by Khu- 
malo and Hughes (Z8). 

Perluzzo et al. (27) found a donor impu- 
rity level of 0.2 eV below the conduction 
band of ZrS3 and related it to a sulfur va- 
cancy. The same result was obtained by 
Kurita et al. (23) who observed a broad lu- 
minescence band with a peak energy of 1.76 
eV in the energy gap. If a sulfur vacancy 
gives rise to a shallow donor level in the 
other compounds in the same way, they 
would be n-type semiconductors, the Fermi 
level lying near the bottom of the conduc- 

-20 -10 0 IO 20 
ENERGY (4 

FIG. 1. S K absorption spectrum of TiS,, together 
with the photoemission spectrum measured by Endo 
et al. (Ref. (16)). The full and dashed lines refer to the 
S K absorption and photoemission spectra, respec- 
tively. Inset is the reflectivity spectrum measured by 
Khumalo and Hughes (Ref. (la)). 
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FIG. 2. S K absorption spectrum of ZrS,, together 
with the photoemission spectrum measured by Jellinek 
et al. (Ref. (12)). The full and dashed lines refer to the 
S K absorption and photoemission spectra, respec- 
tively. Inset is the reflectivity spectrum measured by 
Khumalo and Hughes (Ref. (18)). 

tion band. Therefore, it would be reason- 
able to fit the absorption edge to the posi- 
tion of the Fermi level determined from the 
photoemission studies and adopt it as the 
origin of the horizontal axis. The photon 
energy at the absorption edge (the midpoint 
of the initial rise of absorption) was 2468.8, 
2468.9, and 2468.8 eV for TiS3, ZrS3, and 
HfS3, respectively, which are in agreement 
with each other within the errors in contrast 
to the dichalcogenides (26). 

We find that the initial rise of absorption 
of TiS3 is not so sharp as that of the corre- 
sponding disulfide and of the other group 
IV TMTC’s. It is known that TiS3 crystal- 
lizes in the B-type structure with variable 
bond lengths between metal and chalcogen 
atoms (28). In this case, the different de- 
grees of metal-chalcogen interactions oc- 
cur, which give rise to the broadening of the 
energy bands and in turn the gentle slope of 
the initial rise of absorption. 

As can be seen from the figures, all the 
absorption spectra can be separated into 
two parts; one is the large absorption struc- 
ture up to about 5 eV above the edge and 
the other is the relatively broad structure at 
higher energies. The former structure has a 
shoulder at the lower energy side of the 
peak in TiS3, but it splits into two or three 

peaks in ZrS3 and HfS3. The maximum in- 
tensity relative to the latter structure is 
higher than that of the corresponding disul- 
fide, for example, the ratio is 1.5 and 1.1 for 
the titanium tri- and disulfides, respec- 
tively. Such a large intensity ratio has also 
been found for the group V and VI di- 
chalcogenides in which the metal atoms are 
trigonal-prismatically coordinated to the 
chalcogen atoms (26, 29). 

One of the present authors propose the 
band model in which the chalcogen pairs 
are included as a basal element and metal 
atoms are eightfold-coordinated to the chal- 
cogen atoms at the corners of bicapped trig- 
onal prisms (30). According to the model, 
the lower conduction band consists of the 
chalcogen antibonding o&,-p,) band, the 
metal nonbonding L&Z band and the metal d 
bands, and the upper conduction band con- 
sists of the metal s and p bands. The anti- 
bonding a,*(~,-pJ band is derived from the 
chalcogen pairs and the metal d, s, and p 
bands are the mixture bands with chalcogen 
p orbitals. Since a K absorption spectrum 
represents the p-like empty states, the ab- 
sorption structures up to about 5 eV above 
the edge can be ascribed to the antibonding 
o:(p,-p,) and the metal d bands, while the 
higher energy structure to the metal s and p 
bands. 

The relative energy position of the anti- 
bonding c+,*Cp,-pJ band to the metal d bands 
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FIG. 3. S K absorption spectrum of HfS,. Inset is the 
reflectivity spectrum measured by Khumalo and 
Hughes (Ref. (18)). 
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is varied both with the degree of the sulfur- 
pair interaction and with the energy differ- 
ence between metal d and sulfur p levels. 
However, we may assign the main peak A 
to the metal d bands and the shoulder struc- 
ture A’ in T& and the lower energy peak 
A’ in Z& and HfS3 to the antibonding 
CT,*&-& band, from the following reasons. 
(i) The sulfur-pair distance is larger in ZrS3 
and H& than in Ti&, which gives rise to 
the lower energy shift of the antibonding 
cr,T(p,-p,) band by reducing the bonding- 
antibonding energy gap. The metal d levels 
of ZrS3 and Hf&, on the other hand, lie at 
higher energies than that of Ti&. As a 
result, the antibonding cr,*(p,-p,) and the 
metal d bands are energetically lowered and 
raised, respectively, on going from Ti& to 
ZrS3 or Hf!$. Then the variations of the 
spectra can be explained satisfactorily pro- 
vided that the structure A’ is derived from 
the antibonding u:(p,-pJ band and the 
structure A from the metal d bands. (ii) Ac- 
cording to the band calculations of Bullett 
(7) and Myron et al. (II), the lowest con- 
duction band of ZrSe3 consists of the anti- 
bonding p band. 

Although the energy position of the non- 
bonding dz2 band cannot be determined 
from the S K absorption spectra due to the 
selection rules, it is possible that this band 
overlaps the antibonding cr:(p,-pJ band. 
Figure 4 shows the Zr LIlr absorption spec- 
tra of zirconium trichalcogenides. These 
spectra consist of the main peak around 2-3 
eV above the edge, followed by the extend- 
ing absorption structures. The photon ener- 
gies at the peak are in agreement with each 
other within the errors. The Zr Lrlr absorp- 
tion spectrum of the trisulfide is different in 
shape from the corresponding S K spec- 
trum. This is probably due to the selection 
rules in X-ray excitations described above. 
Since an Lru absorption spectrum repre- 
sents the empty states with s and d symme- 
try, we could obtain information on the 
nonbonding dzz band in addition to the 
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FIG. 4. Zr Llll absorption spectra of the zirconium 
trichalcogenides. 

metal d bands. If the lower and the higher 
conduction bands consist of the antibond- 
ing rr,T(p,-p,) band overlapping the non- 
bonding d,z band and the metal d bands, 
respectively, the intensity ratio of the lower 
to higher energy peak would be smaller for 
the Zr Lnl absorption spectrum than for the 
S K absorption spectrum because the num- 
ber of states per unit cell is four for both the 
antibonding cr:(p,-p,): band and the non- 
bonding dz2 band but the metal d bands in- 
clude a metal d character much more than a 
sulfur p character. We can observe a shoul- 
der at the lower energy side of the main Zr 
Lln absorption peak and thus assign it to the 
nonbonding dz2 band. The extending ab- 
sorption structures at higher energies, on 
the other hand, can be ascribed to the metal 
s band or the higher s or d bands. As can be 
seen from Fig. 4, the metal s band overlaps 
the metal d bands, which is promoted with 
increasing the atomic number of chalcogen 
atoms. 

The results obtained above are summa- 
rized: 

(i) The lowest conduction band is the 
chalcogen antibonding cr$(p,-p,) band 
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which largely overlaps the nonbonding dzz 
band. The higher energy band is the metal d 
bands, the center of which lies at 2-3 eV 
above the Fermi level. The full bandwidth 
is about 4-5 eV. 

(ii) The upper conduction band consists 
of the metal s and p bands. The s band over- 
laps the metal d bands and its center lies at 
about 6-7 eV above the Fermi level, while 
the p band lies around 10 eV above the 
Fermi level and the width is about 7 eV. 

(iii) The overlap between the metal d and 
metal s bands develops with increasing the 
atomic number of chalcogen atoms. 

The valence band structures are known 
from the photoemission spectra and can be 
separated into two large parts (see Figs. 1 
and 2), i.e., the lower valence bands are 
derived primarily from sulfur s orbitals and 
the upper valence bands primarily from sul- 
fur p orbitals, some of them having some 
metal d, s, and p character. The latter 
bands have been observed as two large 
peaks in X-ray photoemission spectra (12, 
14-Z6), but as four or five peaks in ultravio- 
let photoemission spectra (13, 17). The 
bandwidth in a base is 6-8 eV. 

The reflectivity spectra exhibit a large dip 
around 8 eV and a peak around 5 eV. As 
can be seen from Figs. 1 and 2, the peak 
separations between a and A’ and between 
a and A are about 4 and 5 eV, respectively. 
Since the peaks a and A are considered to 
be derived from the mixture bands of sulfur 
p and metal d orbitals, it is probable that the 
peak around 5 eV is caused by the allowed 
p-d and/or d-p transitions and the large dip 
around 8 eV originates from the exhaustion 
of the above transitions. The dip around 12 
eV would, on the other hand, result from 
the exhaustion of the transitions from the 
upper valence bands to the metal d bands 
and the onset of the transitions from the 
lower valence bands. The other energy sep- 
arations are tabulated in Table I. These 
spectra, however, represent the joint den- 
sity of states multiplied by the transition 

TABLE I 

MAIN ENERGY DISTANCES 

TiS, ZrS, Hf& NbS, Tat& 

O-A’ 1.2 1.0 1.2 2.2 - 
A”- - 2.7 - - 
A 2.0 2.7 3.4 1.4 2.4 
B 4.8 5.6 6.0 5.0 5.6 
c’ - - - - 8.6 
C 10 10 10 10 11.2 
D 16 14.6 14 14.4 16.6 

a-0 2.9 2.9 3.2 
A 4.8 5.6 4.6 
B 7.6 8.5 8.0 
C 14 13 13 

a’-0 6.0 6.0 6.0 
A’ 7.2 7.0 8.2 
B 10.8 11.6 11.0 

b-0 9.4 8.8 9.3 
A 11.4 11.4 10.6 
B 14 14.6 14.4 

c-o 13 12.4 13 

Note. The symbol 0 represents the absorption edge. 

probability, which is usually expressed by a 
matrix element like (+ilV$r), where $i and $r 
are the wavefunctions of the initial and final 
states, respectively. We think that the ma- 
trix element effect is more important for 
TMTC’s as compared with the dichalco- 
genides because the pure chalcogen p bands 
such as mR and cr$ bands are included in the 
valence and conduction bands. If the a,-cr: 
band transitions occur, they would give rise 
to a peak around 7 eV. 

(2) The Group V Compounds 

The S K absorption spectrum of NbS3 is 
shown in Fig. 5, together with the photo- 
emission spectrum measured by Endo et al. 
(14) and the density of states calculated by 
Bullett (8). In this case, since the S K ab- 
sorption overlaps the Nb Ln absorption, the 
spectrum was obtained in the ways previ- 
ously used for the S K absorption spectrum 
of Nb& (26). The density of states diagram 
has been plotted on the figure by fitting the 
peak positions to those of the photoemis- 
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FIG. 5. S K absorption spectrum of Nb&, together 
with the photoemission spectrum measured by Endo 
er al. (Ref. (14)) and the density of states calculated by 
Bullett (Ref. (8)). The full and dashed lines refer to the 
S K absorption and photoemission spectra, respec- 
tively. 

sion spectrum as well as possible, and the S 
K absorption spectrum has been plotted on 
the figure by fitting the peak position to that 
of the density of states. The origin of the 
horizontal axis is the Fermi level deter- 
mined from the photoemission study, 
which almost coincides with the absorption 
edge. The photon energy at the edge was 
estimated to be 2469.2 eV. 

NbS3 crystallizes in the isostructure of 
the group IV compounds, but Nb atoms are 
shifted from the mirror planes of the sur- 
rounding bicapped trigonal prisms to form 
the Nb-Nb pairs along the chain axis (31). 
This variation in crystal structures leads to 
the formation of the bonding crg(dz2-42) and 
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FIG. 6. Nb Lul absorption spectra of NbS3 and 
NbSe+ The density of states of NbSe3 has been calcu- 
lated by Bullett (Ref. (7)). 

the antibonding a,*(d,2-42) bands. The 
former band is pulled down just below the 
Fermi level, while the latter band shifts to 
higher energies compared with the other d 
bands unless the interaction is small. We 
expect that the sulfur antibonding c+,*&-p,) 
and the metal d bands lie at the energy posi- 
tions similar to those of TiS3 because the 
sulfur pair distance is 2.05 A, approxi- 
mately equal to that of Ti&, and the metal d 
levels are comparable for both compounds. 
Since the K absorption spectrum does not 
exhibit the antibonding dz2 band, the overall 
appearance is expected to be similar to that 
of Ti&, in agreement with the experimental 
result. 

The metal Lnt absorption spectrum of 
NbS3 is shown in Fig. 6. Comparing with 
the Zr LIII absorption spectrum of ZrS3, we 
find that the shoulder structure observed 
near the Zr LIII absorption edge vanishes 
and the other one appears at the higher 
energy side of the peak. Then we may as- 
sign it to the antibonding dz2 band. 

The Nb LiII absorption spectrum of 
NbSe3 exhibits a peak sharper than that of 
the sulfide and than expected from the band 
calculation as shown in Fig. 6. The density 
of states of NbSe3 has been calculated by 
Bullett (7, 9). A NbSe, crystal contains 
three types of trigonal chains which may be 
distinguished according to the degree of Se2 
pairing and then the unit cell is made up of 
the six trigonal prisms. The overall appear- 
ance resembles the metal LIII absorption 
spectrum of ZrSe3 except for the near edge 
structures. This may imply that the energy 
band structures of these compounds de- 
pend predominantly on the neighbor sur- 
roundings. It is, however, important to note 
that, according to the band calculations of 
Bullett (7) and Hoffmann et al. (IO), the 
lowest conduction band of NbSe3 consists 
of the dz2 band, unlike ZrSe+ 

Figure 7 shows the S K absorption spec- 
trum of Ta&. The overall appearance re- 
sembles that of Ti& and Nb&, but in this 
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FIG. 7. S K absorption spectrum of TaS,. 

case the higher energy peak has a shoulder 
around 8.6 eV above the edge. At present 
we cannot discuss it in detail because the 
crystal structure is face-centered ortho- 
rhombic but not yet fully determined. 

(3) Core-Hole Potential and Core-Level 
Splitting 

The X-ray absorption process includes 
the core-electron excitations and the result- 
ing core-hole potential may more or less af- 
fect the conduction and the valence states. 
The effects have recently been reviewed 
and discussed by Balzarotti et al. (32) and 
Grunes (33). In the previous X-ray absorp- 
tion study of layered transition-metal di- 
chalcogenides (26), however, they were as- 
sumed to be negligible because the spectra 
were not inconsistent with the results of the 
band calculations and with the other optical 
data. This assumption would also be rea- 
sonable for the present systems which are 
akin to the layered transition-metal di- 
chalcogenides. 

The S 2p and Se 3d photoemission stud- 
ies of TiS3, Zr&, and ZrSe3 have, on the 
other hand, shown the level splitting proba- 
bly due to the inequivalent S or Se atoms 
(12, 16). If the splitting also occurs in the S 
1s level, then the S K absorption spectra 
would exhibit the overlapping structures of 
two absorptions, each of which is caused by 
the different kinds of S 1s electrons. Since 
the lower empty bands consist of the anti- 
bonding p band derived from the S pairs 

and of the metal nonbonding dz2 band, their 
absorption structures would not be affected 
by the S Is level splitting, while the metal d, 
s, and p bands are common for both the 
unpaired and paired S atoms, so that their 
absorption structures would be, respec- 
tively, observed as a doublet, its separation 
depending on the degree of the level split- 
ting. Although the S K absorption spectrum 
of HfS3 shows the additional peaks com- 
pared with that of ZrS3, we can not con- 
clude that these structures are caused by 
the core-level splitting because there have 
been no S 1s photoemission studies and no 
band calculations. On the other hand, the 
fact that the shape of the S K absorption 
spectrum of Nb&, which does not show the 
doublets, is similar to that of the density of 
states, implies that the S 1s level splitting is 
not so large. This is supported by the S K 
absorption spectra of a series of titanium 
sulfides TiS, (x = 1, 3/2, 2, 3). As shown in 
Fig. 8, the absorption edge is shifted to 
lower energies with x or with decreasing the 
negative charges around a S nucleus, al- 
though the trisulfide has the higher energy 

urn 2a 24s 2ua 
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FIG. 8. S K absorption spectra of a series of titanium 
sulfides. 
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value than the disulfide. It is found from the 
above fact that the edge shifts of S K ab- 
sorption spectra of these compounds are 
caused mainly by the filling of the empty 
bands or by the Fermi-level positions, but 
are not caused by the chemical shift of the S 
1s level. 

Conclusions 

We have measured the sulfur K and 
metal LIII absorption spectra of TMTC’s. 
Although the core-level photoemission 
studies of TiS3 and ZrSj showed that the 
sulfur 2p levels are split into two peaks by 
the difference in atomic occupations (12, 
16), the present authors think that this ef- 
fect is not so strong for the 1s level due to 
the screening of the outer electrons and the 
spectra exhibit the conduction band struc- 
tures sufficiently. The S K absorption spec- 
tra are similar to each other, but not to the 
corresponding metal LIII absorption spec- 
trum. This is probably due to the matrix 
element effect and suggests that the lower 
conduction bands consist of the pure chal- 
cogen p states (the antibonding vu%,-p,) 
band) and the pure metal d states (the non- 
bonding dz2 band) in addition to the mixture 
states of chalcogen p and metal d states (the 
metal d bands). We have given the evidence 
that the lowest conduction band of the 
group IV TMTC’s is the antibonding cr,*(p,- 
p,) band which overlaps the nonbonding dz2 
band. We have also found that the overlap 
of the metal d and metal s bands is pro- 
moted by increasing the atomic number of 
chalcogen atoms. 
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