
VOLUME 77, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 2 SEPTEMBER1996

Solides,
Sulfur K-Edge X-Ray-Absorption Study of the Charge Transfer
upon Lithium Intercalation into Titanium Disulfide
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Sulfur K-edge x-ray-absorption spectra have been recorded for lithium intercalated titanium disulfides
Li xTiS2. The near-edge features up to 30 eV above threshold are interpreted in the framework of
full multiple-scattering theory. We show that the electrons transferred from intercalated lithium atoms
are not only located on Ti3d orbitals, as previously assumed, but also on the S3p states. For
comparison, we present the Sp-projected density of states derived from linear muffin-tin-orbital band
structure calculations. An overall agreement between measurement and theory is very well achieved.
[S0031-9007(96)00962-3]

PACS numbers: 78.70.Dm, 71.20.Lp, 72.80.Ga
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Lamellar transition metal dichalcogenides (TMD
MX2 (X ­ S, Se;M ­ Ti, Zr, Hf, V, Nb, Ta, Mo, or
W) have been among the first phases considered as a
in intercalation reaction in which a guest species, at
ion, or molecule can be reversibly inserted into em
spaces of the host structure [1–4]. Until quite recen
it has been thought that the guest species provide
electron to the transition metal (TM)d orbitals [5–8].
Such a conclusion is mainly based on a rigid band mo
More recent investigations [9,10] tend to show that t
model is not adequate to study the intercalation proc
Moreover electronic band structure calculations [11] in
extended Hückel approach have shown that, in the c
of lithium intercalation into titanium disulfide TiS2, there
exists a partial electronic transfer of lithium2s electron
to the host structure, on both titanium and sulfur ato
However, such an approach remains qualitative an
not able to explain the edge shape changes, especia
separating structural and electronic effects. To do so
is necessary to combine accurate electronic band stru
calculations and edge simulations. In this Letter,
present new x-ray absorption spectroscopy (XAS) d
and theoretical analyses on the Li intercalated compo
TiS2 that demonstrate the important role of sulfur ato
and provide a correct picture in the intercalation proc
on TMDC.

TiS2 has been prepared as described in Ref. [12]. L
ium intercalation has been performed by then-butyl
lithium technique at room temperature [13] with t
lithium content determined by flame spectroscopy.
order to prevent degradation, samples were handle
glove boxes and transferred to the different systems
analysis via appropriate airtight containers. X-ray appe
ance near-edge structure (XANES) spectra were reco
using the French synchrotron radiation source at LU
(Orsay). The sulfurK edge was recorded on the Sup
ACO storage ring with a Si111 two-crystal monochrom
tor, with a 0.4 eV resolution.
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All the computations of the XANES spectra were carri
out using the multiple-scatteringCONTINUUM code [14]
based on the one-electron full multiple-scattering (M
theory [15–17]. The cluster potential was approximat
by a set of spherically averaged muffin-tin (MT) potentia
which was built by following the standard Mattheiss pr
scription [18]: atomic charge densities obtained from se
consistent solutions of the Dirac equations were placed
each atomic site in the cluster, and the superposed ch
density was spherically averaged in spheres around
atom whose potential was required. The Coulomb par
each atomic potential was generated using charge dens
of neutral atoms obtained from Clementi and Roetti atom
wave function tables [19]. Then the Poisson’s equation
the Coulomb or Hartree part of the potential was solv
and an appropriate exchange and correlation potential [e
the Xa or the energy- and position-dependent comp
Hedin-Lundquist (HL) self-energySs$r , Ed] was added.
We refer the reader to Refs. [20,21] and references the
for a detailed discussion. In order to simulate the cha
relaxation around the core hole in the photoabsorber
atomic numberZ (16 in the case of S), we use the we
screenedZ 1 1 approximation (final state rule) [16]. Thi
consists in taking the orbitals of theZ 1 1 atom and con-
structing the charge density by using the excited electro
configuration of the photoabsorber with the core electr
promoted to an empty orbital. We have chosen the muf
tin radii according to the criterion of Norman [22], an
allowed a 10% overlap between contiguous spheres
simulate the atomic bond. The calculated spectra are
ther convoluted with a Lorentzian shaped function with
full width Gh ø 0.59 eV for SK edge [23] to account for
the core hole lifetime andGexp ø 0.40 eV for experimen-
tal resolution.

Density of states calculations were performed by u
ing the local density approximation and the tight-bindin
muffin-tin orbital method in the atomic sphere approxim
tion (TB-LMTO-ASA) [24,25].
© 1996 The American Physical Society 2101



VOLUME 77, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 2 SEPTEMBER1996

k-
re
y
ee
n

ig
.
th
30
ed

i-
V)

of
hi
y

a
a

iu
n

tin
r

ta

o
to

ion
m
S

s
-
s

Li

Ti

lcu-
unt
lar

itive
us-
se
to
y

ng
FIG. 1. Experimental XANES spectra at SK edge for TiS2
(solid line), Li0.4TiS2 (dashed line), Li0.8TiS2 (dash-dotted line),
and Li1TiS2 (dotted line).

Figure 1 shows the experimental sulfurK edge XANES
spectra of LixTiS2 for x between 0.0 and 1.0 after bac
ground subtraction and normalization. Two main featu
can be observed, each one corresponding to two poorl
solved peaks as previously shown [26]. They have b
labeledC, C0, D, andD0. Since the first electron-additio
states are Ti3d states [27] antibonding with S3p orbitals,
the first double peaksC andC0 observed in the SK edge
have been identified as these states, which can be ass
approximately to transitions tot2g andeg bandlike states
This assignment agrees with the one of Fischer and o
studies based on a molecular-orbital treatment [28–
de Grootet al. [31] have analyzed in detail the record
spectral features of some3d TM oxides in terms of ligand-
field theory. The energy separation betweenC and C0

peaks (t2g-eg splitting) is about 2.0 eV which is approx
mately equal to that obtained by Fischer [28] (2.1 e
Ohnoet al. [29] (2.0 eV), and Sugiuraet al. [32] (2.0 eV).

Upon lithium intercalation the intensity and width
prepeaksC andC0 decrease but no noticeable energy s
is observed. PeakC seems to be more influenced b
the intercalation thanC0. The next peaksD and D0 at
about 8 eV above theC feature reflect ap-type projected
density of states. In this part, the sulfur3p orbitals are
hybridized with the Ti4s and4p bands and constitutes
kind of accessible continuum state. We note that there
two interesting trends for these double peaks upon lith
intercalation: a progressive shift toward lower energy a
an increase of the intensity. Another small featureE can
be seen about 20 eV above theC peak. Its intensity
decreases upon lithium intercalation, and it seems to
shifted towards lower energy.

In a preceding paper [26] the edge shape of the pris
material has been nicely analyzed by full MS theo
calculations. It has been shown that the peaksC andC0

can be described by taking into account a ground s
made of the admixture of configurations
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where L denotes a hole in ligand sulfur. The first tw
terms in the right-hand side of Eq. (1) correspond
the ligand-metal charge-transfer low-energy hybridizat
states, or in other words, to a part of the sulfur-titaniu
bond. This can be used to explain the changes in theK
edge upon lithium intercalation process.

In Fig. 2 we present MS calculations of the SK edge
XANES spectra for Li1TiS2 by using different cluster size
around the excited atom. Li1TiS2 has the same struc
ture as the host TiS2 but with different lattice constant
a0 ­ 3.459 Å andc0 ­ 6.188 Å [33], larger than the TiS2
ones (a0 ­ 3.406 Å, c0 ­ 5.694 Å) [12]. For S the cen-
tral atom, the first shell consists of three Ti and three
atoms, instead of only three Ti in the TiS2 compound.
The peakC is reproduced by using solely the first three
atoms. Hence this feature reflects transitions to3p states
hybridized with the narrow metal3d band. The double
structures are only reproduced in the larger cluster ca
lations, indicating that one would need to take into acco
higher coordination neighbors in constructing molecu
orbitals, e.g.,t2g and eg in octahedral symmetry. This
just explains why some lower energy features are sens
to so-called “long-range” effects. The seven atom cl
ter (including the first three Li atoms) already gives ri
to a relatively sharp peak and a small part contribution
featureD0. After adding the first S shell as shown b
the 19-atom cluster calculation, the peakD0 is very well
defined. This feature reflects transitions to sulfur3p states
hybridized with Ti delocalized4s and 4p states [31].
This demonstrates the influence of the relatively stro

FIG. 2. MS calculation of the sulfurK-edge XANES spectra
in Li 1TiS2 for different atomic clusters.
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backscattering of theS22 ion and can be understood a
a caging effect of the S shell on the excited electron:
backscattering creates a relatively sharp scattering re
nance around the absorber atom. This is in agreement
the findings of Vvedensky and Pendry [34] on NiO, Lin
ner et al. [35] and Rezet al. [36] on MgO, and Kurata
et al. on MnO [37]. PeakE is also reproduced within
this cluster indicating that this feature arises from dom
nantly single-scattering events from this first S shell,
suggested by the simple resonance scattering argum
The structureD appears after adding several shell atom
and its intensity increases with the increasing of clus
size until 105-atom cluster calculation, showing that t
final state reached in the core electron transition is no
simple atomic or molecular state [38].

A simple comparison between the calculated sulfurK
edges for TiS2 and Li1TiS2 in Fig. 3 shows that the MS
calculations are able to reproduce the variation of relat
intensities and shift of peaksC, C0, D, andD0. The in-
tensity of the peak in the spectrum is related to the deg
of hybridization of the considered atom. In the case
lithium intercalation there are three parameters which m
change the sulfur hybridization. Increasing the sulfur co
dination number from three in TiS2 to six in Li1TiS2 (with
the same bond lengths of S-Ti and S-Li) would increa
the hybridization. At the same time the Ti-S bond leng
increases from 2.428 to 2.473 Å [39], and this will redu
the hybridization between titanium and sulfur. Finally th
hybridization in the ground state between S3p and Ti3d
will decrease withx since if titanium has an electron trans
ferred in thet2g level from donor Li, then the first term in
Eq. (1) will involve two electrons which will be higher in
energy by the Coulomb interactionUdd . It is impossible
to experimentally separate the different contributions.
do it, we have performed MS calculations on the last cl
ter model with the same cell and structural parameters

FIG. 3. MS calculation of the sulfurK-edge XANES spectra
in TiS2 (dashed line), Li1TiS2 (dash-dotted line), and, for
comparison, pseudocompound (see text) Li0TiS2 (solid line).
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Li 1TiS2, but without lithium inside the van der Waals ga
We refer to this pseudocompound as “Li0TiS2.” Such a
hypothetical compound takes into account the struct
effects but neither the change in the coordination num
nor the charge transfer from lithium to the host. The
sults have been compared to those of TiS2 and Li1TiS2 as
shown with the solid line. The important decrease of thC
andC0 peaks is quite similar in Li1TiS2 and Li0TiS2, prov-
ing that the main influence in the preedge is the elonga
of the titanium-sulfur bond. Nevertheless it is clear in t
simulations that theC peak is weaker in the Li1TiS2 than
in Li 0TiS2. This can be attributed to the partial filling o
the t2g levels by the electron transferred from the lithiu
atom, reducing the probability of S1s electron transition to
these levels in the absorption process. On the contrary
intensity and position of theD andD0 peaks are almost no
changed by the only structural modifications. The occ
rence of a new feature at lower energies, in good agreem
with the shift and the increase observed in the experim
tal spectra, is obtained only if lithium is really taken in
account in the calculations. It proves that, this time,
effect is mainly due to the charge transfer between lithi
and sulfur atoms and the change in the sulfur coord
tion number.

The evidence of such a change has to be found
modification of the band structure. For this purpose
new band structure has been performed, by using the
LMTO-ASA method, and the projected densities of sta
(DOS) on the sulfurp orbitals are presented in Fig. 4. Th
origin of the energy scale has been arbitrarily fixed at
Fermi level Ef . Just above it we may find the doubl

FIG. 4. Linear muffin-tin orbital (LMTO) band structur
calculations: (a) Sp-projected density of states for TiS2;
(b) S p-projected density of states for Li1TiS2. The origin
of the energy scale has been arbitrarily fixed at the Fermi le
Ef .
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corresponding to sulfurp states mixed with the titanium
t2g and eg levels. Upon intercalation,Ef readily moves
into the t2g band which narrows and becomes lower
intensity. We may also notice that the energy differen
betweenEf and the end of theeg peak decreases from
4.2 to 3.5 eV, in good agreement with theC-C0 feature
narrowing observed in Fig. 1, of about 1.0 eV. A larg
shift of about 2 eV towards lower energy is observed
the second part related to featuresD andD0. Such a shift
explains well the above-mentioned experimental shift
1.7 eV. It is worthwhile mentioning that this shift allows
nice matching between empty sulfur3p states and lithium
2s states, indicating a noticeable lithium sulfur interactio

By an appropriate combination of MS and band structu
calculations, we have then been able to explain the vari
changes in the sulfurK edge of the TiS2 upon lithium inter-
calation. The important modifications of the prepeak
tensities can be largely explained by the structural chan
and the partial filling of the titaniumt2g levels. The shifts
and broadening of featuresD andD0 are more influenced
by the change of coordination number and S-Li interacti
i.e., the charge transfer. These new results definitely pr
that sulfur is largely taking part in the intercalation proce
Similar studies are currently under way on parent co
pounds, in changing either the host or the guest specie
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