
PHYSICAL REVIEW B 15 SEPTEMBER 1998-IIVOLUME 58, NUMBER 12
Polarized x-ray-absorption spectra of TiS2, TiSe2, and TiTe2
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We studied the anisotropy of the unoccupied electron states of three titanium dichalcogenides by means of
polarized x-ray-absorption spectroscopy. The experimental spectra of TiS2, TiSe2, and TiTe2 at the TiK edge
and of TiTe2 at the TeL1 edge were compared with the results of real-space multiple-scattering calculations.
The local angular momentum projections of the densities of states at the titanium sites are presented for
energies up to 25 eV above the Fermi level. The TiK-edge spectra of all three dichalcogenides are quite similar
to each other provided the differences in their lattice constants are suppressed by comparing the spectra in
equivalent energy scales. However, the correspondence between the TeL1 edge of TiTe2 and the SK edge of
TiS2 is much less pronounced. For most of the spectra good agreement between experiment and theory was
found. @S0163-1829~98!01336-8#
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I. INTRODUCTION

The titanium dichalcogenides TiS2, TiSe2, and TiTe2
crystallize in the trigonal space group with one formula u
in the unit cell. Their crystal structure can be considered a
sandwich consisting of chalcogen-Ti-chalcogen slabs.
slabs are internally strongly bonded, but only weak
coupled to each other. This feature allows us to create in
calated sublayers, which could be useful for some tech
logical applications. That is one of the reasons why the e
tronic structure of titanium dichalcogenides has been
subject of an intensive study lately. The differences betw
the electronic structure of TiS2 and TiSe2 were investigated
theoretically by Fang, de Groot, and Haas.1 Photoemission
spectroscopy studies were published by Bodicker
Schattke2 for TiSe2 and by Claessenet al.3 for TiTe2.

For the understanding of this weak bonding mechan
an analysis of the lowest unoccupied electron states ca
helpful. Much effort was devoted to x-ray-absorption spe
troscopy studies4–7 of TiS2 or of LixTiS2 intercalates.8 How-
ever, to our knowledge no published study included a co
parison of results for different titanium dichalcogenide
which definitely must correlate with each other and th
prove or negate the adopted conclusions.

In this work we present results of electron state studies
means of the polarized TiK x-ray-absorption spectroscop
for a range of titanium dichalcogenides~TiS2, TiSe2, and
TiTe2!. Because of the site symmetry the lowest unoccup
electron states projected on the Ti atom split intopx,y-, pz-,
dxz,yz-, dxy,x22y2-, anddz2-like groups in these compound
Due to the original experimental technique,9,10 we were able
to separate the spectral components arisen from these d
ent symmetry-resolved groups. The spectral components
considered to reproduce approximately the density of
lowest empty electron states projected on the Ti atom. S
ing ‘‘approximately’’ we bear in mind effects such as fini
initial and final states lifetimes, device smearing, and also
influence of radial transition matrix elements.
PRB 580163-1829/98/58~12!/7668~7!/$15.00
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II. SPECTRAL ANALYSIS

Here we briefly describe some theoretical foundations
the extracting of symmetry-resolved partial spectral com
nents. We investigate absorption of photons by electron
solids. Within the one-electron approximation, the abso
tion coefficientm can be determined as the probability
electron transition from an initial core state~with wave func-
tion c i and energyEi! to a final unoccupied state~with wave
function c f and energyEf!

m~\v,e,k!}( z^c f ueik•re•r uc i& z2d~Ef2Ei2\v!,

~1!

where\v is the photon energy ande andk are the polariza-
tion and the wave vectors of the absorbed photon, resp
tively. The summation involves all initial and final states th
have the energy difference of\v.

In further analysis, we concentrate on the case ofK-edge
absorption, hence the initial-state wave functionc i is R0Y00.
Note that this core wave function is practically nonzero on
close to the center of the absorbing atom. The final-s
wave functionc f can be angularly projected onto the sam
atom, hence in the region of interest it can be written a
superposition of atomiclike wave functions with definite a
gular momenta,

c f~r !5(
l ,m

Rl~r !Ylm~ r̂ !. ~2!

HereRl(r ) andYlm( r̂ ) represent radial and angular parts
the wave function, respectively.

In Eq. ~1! we consider the first two terms of the expansi
eik–r'11 ik–r1¯, i.e., we take into account electric dipo
and quadrupole terms only~other terms do not contribute t
x-ray spectra significantly!. As the dipole and quadrupol
term amplitudes do not interfere, we can rewrite22 the for-
mula ~1!
7668 © 1998 The American Physical Society
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m~\v,e,k!}d~Ef2Ei2\v!(
l ,m

~ z^RlYlmue•r uR0Y00& z2

1 1
4 z^RlYlmue•rr •kuR0Y00& z2!. ~3!

Inserting the mathematical expressions for the angular p
of the wave functions, one can obtain the absorption coe
cient as the sum of dipole and quadrupole componentm
5mD1mQ , where

mD}pxex
21pyey

21pzez
2,

~4!
mQ}dxy~exky1eykx!

21dxz~exkz1ezkx!
21dyz~eykz

1ezky!21dx22y2~exkx2eyky!21)dz2~ezkz!
2.

This means that each polarized spectrum can be interpr
as a weighted sum of partial symmetry-resolved compone
Each of the components is formed only by the transitions
orbitals with a definite angle momentum. The factorspx ,
py , pz , dxy , dxz , dyz , dx22y2, and dz2 represent the so
called partial spectral components, i.e., the densities of st
with a definite orbital symmetry modulated by the rad
transition probability. We assume the radial matrix eleme
are equal for all states with equal quantum numberl and
change with energy only insignificantly. The expressions
parentheses in Eq.~4! ~combined from the projections of th
vectorse andk and taken in the power of 2! are the coeffi-
cients by these components and are determined just by
actual experimental setting. We call these coefficients pa
spectral weights.

Therefore, by measuring three spectra~each of them rep-
resented by the absorption coefficientm! with different ori-
entations I, II, and III of vectore relative to the crystal struc
ture, one can use the expression~4! to set up an appropriat
system of linear equations and extract the partial-den
componentspx , py , andpz :

m I}px~ex
I !21py~ey

I !21pz~ez
I !2,

m II}px~ex
II !21py~ey

II !21pz~ez
II !2,

~5!
m III}px~ex

III !21py~ey
III !21pz~ez

III !2,

S px

py

pz

D }S ~ex
I !2

~ex
II !2

~ex
III !2

~ey
I !2

~ey
II !2

~ey
III !2

~ez
I !2

~ez
II !2

~ez
III !2

D 21S m I

m II

m III
D ,

provided the quadrupole contributions can be neglected.
superscripts in Eq.~5! distinguish between three independe
spectra recorded for different sample orientations. In the c
of titanium dichalcogenides, the statespx andpy are degen-
erated and the linear system~5! has an order of 2.

Thus, if linearly polarized radiation is absorbed, then
the process of dipole transitions 1s→px,y ,pz , the partial
spectral weights of the twop states will depend on the ori
entation of thepx,y or pz orbitals with respect to the polar
ization vector of the absorbed radiation. In the case of qu
rupole transitions 1s→dxz,yz ,dxy,x22y2,dz2, the partial
spectral weights will depend on the orientation of the orbit
with respect to the polarization vector and the wave vecto
well. The electron transitions described above take into
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count the symmetry degeneration of electron states, whic
equal for all three investigated compounds. As it will follo
from Sec. V, it is perfectly justified to neglect alld compo-
nents here.

III. EXPERIMENT

Thin Ti-dichalcogenide plates~TiS2, TiSe2, and TiTe2! of
about 23230.02 mm3 with the trigonal axis oriented per
pendicular to the cleavage planes were used as the sin
crystal absorption samples. The orientation and crystal q
ity were verified using the Laue pattern.

The experiments were carried out at the beam line
~HASYLAB, Hamburg! equipped with an x-ray focusing
mirror and a Si~111! double-crystal monochromator. Th
sample plates were positioned in a personal computer c
trolled goniometer allowing three perpendicular rotationsw,
u, and c ~see Fig. 1! so that any sample orientation wit
respect to thee andk vectors of synchrotron radiation can b
achieved.

The partial spectral weights ofpx,y , pz , and alld com-
ponents are calculated. As an example their dependenc
the anglec with w50 andu50 is presented in Fig. 2. Ou
goniometer construction makes the rotationc as independen
one, the rotationu dependent onc ~the u axis turns by a
rotation aboutc!, and the rotationw dependent onc andu.

FIG. 1. Scheme of the experimental arrangement.
Ti-chalcogen6 cluster is shown for the~0,0,0! position of the
sample.

FIG. 2. Partial spectral weights of different Tip andd orbitals in
theK absorption process depending on the rotation anglec ° of the
trigonal crystal structure around thec axis ~see Fig. 1! for w5u
50.
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TABLE I. Weight coefficients in the absorption process of all symmetry-resolved orbitals for diffe
sample orientations.

Sample position px,y pz dxz,yz dxy,x22y2 dz2

w50, u50, c50 1 0 1 0 0
w50, u545, c50 1 0 0.5 0.5 0
w50, u50, c545 0.5 0.5 0 0.25 0.75
w50, u50, c522.5 0.854 0.146 0.5 0.125 0.375
w50, u536, c529 0.846 0.154 0.346 0.423 0.231
w50, u532.7,c532.7 0.793 0.207 0.294 0.396 0.310
w50, u50, c530 0.75 0.25 0.25 0.188 0.562
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In the zero position (w50, u50, c50) the threefold axis of
the trigonal crystal structure coincides with the x-ray be
direction k. All spectra were normalized on the equivale
effective sample thickness.

In order to separate the absorption resulting fromK tran-
sitions exclusively, we used a background subtraction.
background functionf (E)5a/E41b/E31c after Victoreen
shows acceptable results.

IV. THEORY

Polarized TiK-edge x-ray absorption near-edge struct
~XANES! spectra of TiS2, TiSe2, and TiTe2 as well as po-
larized TeL1-edge XANES of TiTe2 were calculated em
ploying the real-space–multiple-scattering~RS-MS!
formalism.11 We used a modified ICXANES computer co
of Vvedensky, Saldin, and Pendry.12 The calculations pre
sented here were performed for clusters of 135 atoms fo
Ti edges and of 138 atoms for the Te edge, implying that
radii of these clusters varied between 8.3 and 9.6 Å acc
ing to the compound and/or selected edge. Explora
XANES calculations for a whole series of smaller clus
sizes were performed to verify that a convergence with
spect to the number of included atoms had been achiev7

The largest angular momentum included in the single-
scattering wasLmax54. Test calculations for all four edge
with Lmax as large as 6 were done for clusters of 25 ato
with hardly any difference visible.

Non-self-consistent muffin-tin potentials were genera
via the so-called Mattheiss prescription~superposition of
charge densities of isolated atoms!. An energy-independen
Xa exchange-correlation potential with the Kohn-Sh
value ofa52/3 was used.13 Structural data for TiS2, TiSe2,
and TiTe2 were taken from theCRYSTIN database.14

Muffin-tin radii of nonoverlapping spheres were det
mined so that the ‘‘matching potential condition’’ is sat
fied. The muffin-tin zero was set to the average interst
potential. We verified for the particular case of the TiS2 spec-
trum that identifying the muffin-tin zero with the value of th
inner-sphere potential at the boundaries of muffin-tin sph
~minimizing thus the step in the potential, as suggested,
in Ref. 15! does not change the results significantly ev
close the absorption edge. Hence we believe that the re
presented here are sufficiently robust with respect to
technical details of muffin-tin potential construction~note
that the opposite case would point to the unsuitability of
muffin-tin approximation itself!.

The influence of the core hole left by the excited elect
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was taken into account while calculating atomic charge d
sities by removing one electron from the core level and p
ting it into the lowest unoccupied atomic level~‘‘relaxed and
screened approximation’’; see Ref. 16 for a more detai
analysis!. Again, for TiS2 we checked that there was pract
cally no difference between our XANES spectra calculat
with and without a core hole.

Theoretical results presented in this paper include bro
ening by an energy-dependent Lorentzian of full width
half maximumw5w010.10(E2EF). The constant partwc
accounts for the core hole lifetime and is 0.94 and 3.32
for the Ti K edge and the TeL1 edge, respectively.17 The
energy-dependent term represents inelastic energy losse
the photoelectron of energyE ~the ‘‘Fermi energy’’ EF is
identified with the onset of a prepeak for our purpose!. This
simple ansatz formula proved to be efficient both
metallic18 and in nonmetallic19 materials. We will return to
the question of inelastic energy losses in Sec. VI.

V. RESULTS

To study the contribution of Ti 1s→d transitions, we per-
formed several measurements in such experimental sett
in which the dipole contributions to the spectra~determined
by their partial spectral weights! were always the same
while the quadrupole contributions varied.9 The differences
between spectra recorded for these sample orientations~see,
for example, the first two orientations in Table I! did not
exceed the experimental error limits of about 1% of the to
intensity. Therefore, we suppose that the contribution of
1s→d transitions is too small to be detected with the ava
able equipment in all three investigated compounds. W
this assumption we interpret the spectra as a compositio
merely the Ti 1s→px,y and 1s→pz absorptions. If the as-
sumption is not valid then extraction procedures according
the relation~5! performed for different combinations of spec
tra will provide inconsistent curves of partial componen
px,y or pz . On the other hand, the coincidence of all curv
in the groupspx,y and pz can serve as a criterion of th
reliability of the technique as well as of the validity of th
simplifications and assumptions used. The partial spec
weights in the absorption process forpx,y , pz , dxz,yz ,
dxy,x22y2, and dz2 are displayed in Table I for all sample
orientations used in the experiments.

The results of the TiS2 analysis show rather good consis
tency. Four spectra by different sample orientations w
measured and are displayed in Fig. 3~a!.

In Fig. 3~b! we present the partial spectral componen
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px,y andpz extracted from three independent sets of spe
measured at different sample orientations. The equiva
curves obtained from the alternative sets are displayed
together in order to emphasize the reproductivity of the te
nique.

Analogously to TiS2, five different TiK absorption spec-
tra were recorded for TiSe2 @Fig. 4~a!#. The resultingpx,y and
pz components are very similar with those of TiS2. The only
difference is that a better sample quality allowed us to p
form one more additional independent measurement and
to reach a better statistics. In order to compensate for
influence of thickness effects, we applied such sample or
tations that provide equal or similar effective sample thic
nesses. The curves of thepx,y or pz components, extracte
from alternative combinations of experimental data, coinc
perfectly with each other@Fig. 4~b!#.

TiTe2 offers a more complicated situation. Here the TeL1
absorption edge lies very close to that of the TiK absorption.
Nevertheless, the TeL1 absorption must be predominant
formed by the dipole transitions 2s→p. From the trigonal
surrounding of the Te atom one can expect a similar po
ization dependence as for TiK absorption. Therefore, th

FIG. 3. ~a! Polarized TiK absorption spectra of TiS2 recorded
for four different sample orientations, together with~b! the partial
spectral components extracted from three different alternative
of the experimental spectra. In the ‘‘zero position’’ (w5u5c
50) the trigonal axisc coincides with the wave vectork and the
axis a is parallel to the polarization vectore ~see Fig. 1!.

FIG. 4. ~a! Polarized TiK absorption spectra of TiSe2 recorded
for five different sample orientations, together with~b! the partial
spectral components extracted from four alternative sets of the
perimental spectra. The zero position is defined as for TiS2.
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extraction of partial components from the common spectr
involving both the TeL1 and the TiK absorption edges will
provide the summarized components Tipx,y1Te px,y and
Ti pz1Te pz . The absorption edges are situated so that
Ti K absorption begins at about 4960 eV where the XAN
of the TeL1 absorption is nearly over@see Fig. 5~a!#. In Fig.
5~b! we present the partial spectral components extrac
from the common TeL1 and Ti K absorption spectra o
TiTe2.

All the investigated compounds have nearly identical g
metrical structures; they differ just by a uniform bond-leng
scaling. Hence, in comparing spectra of TiS2, TiSe2, and
TiTe2, one can make use of the fact that interatomic d
tancesRi j enter the XANES formula only in combinatio
with energyE measured from the muffin-tin zeroVMTZ , viz.,
as arguments in free-electron propagatorsAE2VMTZRi j .11

That means that if XANES spectra in consideration a
scaled appropriately, any differences due to different latt
constants will be removed: One can immediately see tha
two particular spectral features occur at energiesE1 andE18
for one compound and at energiesE2 and E28 for another
compound, then neglecting differences in phase shifts
gets

~E12E18!R1
25~E22E28!R2

2, ~6!

whereR1 and R2 are characteristic interatomic distances
the first and in the second compound, respectively. Any
viations still remaining after such a scaling can be attribu
to differences in phase shifts, i.e., in the electronic structu

In Table II nearest-neighbor distances and correspond
scaling factors according to the relation~6! are presented~we

ts

x-

FIG. 5. ~a! Polarized TeL1 and TiK absorption spectra of TiTe2

recorded for four different sample orientations, together with~b! the
partial spectral components extracted from two alternative set
the experimental spectra. The zero position of the sample is defi
as for TiS2. The TeL1 absorption begins at about 4930 eV, whi
the Ti K absorption begins at 4960 eV approximately.

TABLE II. Scaling factors leading to equivalent energy rang

Compound
Nearest-neighbor

distance~Å! Scaling factor

TiS2 2.42 1.000
TiSe2 2.53 0.915
TiTe2 2.73 0.786
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choose a unity scaling factor for TiS2 by definition!. These
scaling factors were employed to determine equivalent
ergy ranges used for displaying experimental as well as
oretical results for TiS2, TiSe2, and TiTe2 Ti K-edge spectra
in Fig. 6. The positioning of theoretical spectra in the ab
lute photon energy scale was set by convenience for e
edge, so that the best agreement with corresponding ex
mental curves is achieved.

In Fig. 6~c! the theoretical TiK edge of TiTe2 is super-
posed onto the TeL1 EXAFS ~see below!. It barely differs
from a ‘‘pure’’ Ti K edge; therefore, a separate TiK-edge
calculation is not presented here. The only feature introdu
by the presence of the TeL1 edge is the occurrence of th
low-energy tail below the prepeak in thepz component
~aroundE54962 eV!. For all three compounds, a full con
vergence of the calculation with respect to cluster sizes
achieved at 99 atoms; however, gross features of the
cluster theoretical spectra were reproduced for 51 atoms
ready.

Experimental and theoretical TeL1-edge polarized spec
tra of TiTe2 are compared in Fig. 7, together with analogo
data for the SK edge of TiS2 taken from the literature.5,7

Note that both of these spectra probe unoccupiedp states as
‘‘seen’’ from the anion site. Again, energy ranges of t
plots were scaled according to Table II. As the experimen
and theoretical SK-edge spectra of Ref. 5 are not polarize
we included in Fig. 7 also calculated projected densities
unoccupied states published by Sˇ imůnek et al.7

The onset of the TiK edge is shown in the figure as we
The energy separation between the theoretical Ti and
edges~27 eV! was taken over from the measured spec
while the ratio between the calculated intensities of the
and Ti edges was provided by the theory itself.

The two main peaks at 4941 and 4950 eV can be rep
duced~with a correct polarization dependence! for a cluster
containing 16 atoms. On the other hand, even 57 atoms
not enough to generate the second peak splitting, which
pears only for yet larger clusters.

VI. DISCUSSION

Titanium dichalcogenides TiS2, TiSe2, and TiTe2 show a
very similar behavior with respect to the process of the
larized x-ray absorption. There is an apparent correlation
tween spectral features of the three compounds and ne
each qualitative conclusion is valid in all three cases sim
taneously. In particular the energy separation between
prepeaks and the main peaks as well as between the
peaks and the second peaks are roughly identical for all t
compounds, provided the energy scaling according to Eq~6!
is taken into account~see Fig. 6!.

The real-space multiple-scattering calculation reprodu
the measured spectra quite well both in peak positions an
polarization dependence. For TiS2, it compares better than
the calculations of Antonangeliet al.4 This contradiction is a
bit surprising, given the fact that Antonangeliet al. use a
method similar to ours. Nevertheless, it is difficult to ident
the reasons for this as no details regarding the size of
cluster or scattering potential are given in Ref. 4. Note, ho
ever, that angular momentum projected densities of both
cupied and unoccupied states of TiS2 calculated recently by a
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pseudopotential method7 or by a full-potential linearized
augmented-plane-wave method20 disagree with the results
presented by Antonangeliet al.4 as well.

The prepeak at 4968 eV in TiK-edge spectra of titanium
dichalcogenides6,7 and related compounds21 has been the
subject of an intensive study. Our analysis clearly dem
strates that the quadrupole contribution to this prepeak
negligible for all three investigated compounds. Otherwi
one would never reach such a good coincidence in the po
ization decomposition performed for different ‘‘sets’’ o
spectra, taking into account the dipole 1s-p transitions only

FIG. 6. Experimental and theoretical polarized TiK-edge spec-
tra of ~a! TiS2, ~b! TiSe2, and ~c! TiTe2 within equivalent energy
ranges obtained by extending the energy scale by the scaling fa
of Table II. Experimental curves represent averages of several
larization decompositions~or partial spectral components! as shown
in Figs. 3~b!, 4~b!, and 5~b!. Theoretical curves are the results
real-space multiple-scattering calculations for clusters of 135 ato
A broadening by an energy-dependent Lorentzian to account for
core hole lifetime and inelastic photoelectron losses was includ
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~Figs. 3–5!. Hence any participation of the Ti 3d states in
this transition can arise only through 3d-4p hybridization.

The double structure of the prepeak, predicted by
theory6,7 for TiS2, appears in TiSe2 and TiTe2 theoretical
curves as well. These two subpeaks are not fully resolve
the experimental spectra; nevertheless, there is clear
dence that there is a complex structure involved~Figs. 3–6!.

FIG. 7. ~a! Experimental and theoretical unpolarized SK-edge
spectra of TiS2 ~from Ref. 5! and partial DOS~from Ref. 7! together
with ~b! the measured and calculated polarized TeL1-edge spectra
of TiTe2 within equivalent energy ranges. The DOS is display
broaden by a Lorentzian with a FWHM of 3.32 eV~upper curves!
and 0.59 eV~lower curves!. The experimental spectra of TiTe2

represent averages of two polarization decompositions~or partial
spectral components! as shown in Fig. 5~b!. The theoretical curves
for the TiTe2 spectrum are a result of a real-space multip
scattering calculation for a cluster of 138 atoms. A broadening
an energy-dependent Lorentzian to account for the core hole
time and inelastic photoelectron losses was included.
e

in
vi-

Regarding the polarization dependence of the prepeak, Sˇ imů-
nek et al.7 argue on basis of self-consistent electronic str
ture calculations that in TiS2 the first subpeak appears in th
px,y polarization only, while the second one is isotropic. O
experimental data for TiSe2 and TiTe2 suggest that this con
clusion might be valid for the other two layered dichalc
genides as well.

The largest discrepancy between the theoretical and
perimental curves occurs within the region above the m
peak for all three compounds~in the region 4980–4985 eV!.
The occurrence of a redundant structure at this energy se
to be a general drawback of all calculations: for TiS2, it
appears in the RS-MS results of Wuet al.6 as well as in
self-consistent band-structure calculations of Sˇ imůneket al.7

The disagreement is most prominent for thepz component
in TiS2, where it is hardly possible to find any experimen
counterpart to the theoretical peak at 4982 eV. Interestin
the same feature, which is apparently redundant in TiS2, ap-
pears both in the calculated and, less pronounced but
distinct, in the experimental spectrum of TiSe2. Hence there
seems to be a sufficient reason to believe that the suppres
of the fine structure around 4981–4983 eV in TiS2 is a
many-body effect and that this effect is not the same
TiS2 and in TiSe2. The simple linearly energy-depende
Lorentzian broadening clearly is not good enough to acco
for this fact.

The TeL1-edge polarized spectrum of TiTe2 is compared
with the unpolarized SK-edge spectrum of TiS2 in Fig. 7.
The energy range available for comparing the two spectr
quite small in comparison to the TiK spectra in Fig. 6. As a
consequence, one cannot judge unambiguously whethe
not there is an overall similarity between the TiS2 and TiTe2
anion spectra. The spectra resemble each other in the be
ning: The separation between the first peak at 2468
(TiS2) or 4941 eV (TiTe2) and the second one~at 2476 eV
for TiS2 and 4947 eV for TiTe2! is very similar in both
compounds, provided the energy scaling of Eq.~6! is taken
into account~cf Fig. 7!. Also the polarization dependence o
the TeL1 edge in TiTe2 is the same as the computed pola
ization dependence of the SK edge in TiS2,

7 i.e., the first
peak is higher for thepx,y polarization than for thepz sym-
metry, while the second peak is more or less isotropic. T
polarization feature ought to persist at the Te edge as w
We display in Fig. 7 the polarized densities of states broa
by a Lorentzian with a full width at half maximum~FWHM!
equal to both 0.59 eV~lower curves, corresponding to the
K edge! and 3.32 eV~upper curves, corresponding to the T
L1 edge!. On the other hand, the third peaks~at 2487 eV for
TiS2 and at 4952 eV for TiTe2! differ in their positions quite
a lot so they do not seem to be analogous to one anothe

The first peak is distinctly split in TiS2 both in the experi-
ment and in the theory:5,7 The separation of sub-peaks is
eV. A similar splitting occurs in our RS-MS calculation fo
TiTe2 for very large cluster sizes~more than 60 atoms! as
well and the same is true also for projected Tep density of
states derived from the self-consistent band-structure ca
lation of Claessenet al.3 However, due to different core hol
widths ~3.32 eV for the Te 2s level compared to 0.59 eV fo
the S 1s level17!, such a splitting cannot be present in th
TiTe2 experimental spectrum.

A not-so-perfect coincidence between the experimen
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polarized curves extracted from different data sets at TeL1
absorption edge~cf. Fig. 5! could be caused by experiment
errors or~less probably! may indicate the presence of a no
negligible quadrupole contribution. The fact that there is l
of a correspondence between anion edges than between
ion ones is not surprising: When comparing cation ed
~Fig. 6!, the absorbing atom is always the same, viz., t
nium, while it changes from S to Te for anion edges~Fig. 7!.
Hence it is natural to expect that the differences in electro
structure would have a better chance to get revealed thro
anion edges than through cation ones.

VII. CONCLUSIONS

The results of the comparative analysis of the three t
nium dichalcogenides could be summarized in the follow
points. The main spectral peaks and polarization feature
x-ray-absorption spectra of TiS2, TiSe2, and TiTe2 can be
reproduced by a real-space multiple-scattering calcula
within a one-electron theory. The good agreement betw
polarized spectra obtained from different data sets as we
between the experimental and the theoretical curves for e
compound demonstrate the suitability and usefulness of
procedure for the polarization decomposing.

The Ti K-edge spectra of all three compounds are qu
tatively quite similar to each other, especially if the diffe
ences in lattice constants are diminished by comparing th
P
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s
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s
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gh

-
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in the equivalent energy scales. This is really true for
trends in polarization dependence, in particular in the cas
the prepeak. Some quantitative differences between spe
of different compounds still persist after the scaling, th
manifesting differences in the electronic structure. Spec
cally there is evidence that many-body effects underly
photoelectron inelastic energy losses are different in T2
and TiSe2 and are responsible for suppression of the fi
structure between 4980 and 4985 eV in TiK-edge XANES
of TiS2.

As far as the TeL1-edge spectrum of TiTe2 and the S
K-edge spectrum of TiS2 are concerned, again some simila
ties between them can be seen. However, clear differen
between them persist even after energy scaling, espec
beyond the absorption edge.
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9G. Dräger, R. Frahm, G. Materlik, and O. Bru¨emmer, Phys. Sta
tus Solidi B146, 287 ~1988!.

10D. Heumann, D. Hofmann, and G. Dra¨ger, Physica B208&299,
305 ~1995!.

11P. J. Durham, inX-Ray Absorption, edited by D. C. Kronings-
berger and R. Prins~Wiley, New York, 1988!, p. 53; D. D.
.

.

.

.

Vvedensky, inUnoccupied Electronic States, edited by J. C.
Fuggle and J. E. Inglesfield~Springer-Verlag, Berlin, 1992!, p.
139.

12D. D. Vvedensky, D. K. Saldin, and J. B. Pendry, Comput. Ph
Commun.40, 421 ~1986!.

13W. Kohn and L. J. Sham, Phys. Rev.140, A1133 ~1965!.
14G. Bergerhoff, R. Hundt, R. Sievers, and I. D. Brown, J. Che

Inform. Comput. Sci.23, 66 ~1983!.
15B. W. Holland, J. B. Pendry, R. F. Pettifer, and J. Bordas, J. Ph

C 11, 633 ~1978!; R. V. Vedrinskii, L. A. Bugaev, and V. M.
Airapetian, J. Phys. B24, 1967~1991!.
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