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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,TiS,. 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 T8d orbitals, as previously assumed, but also on thépSstates. For
comparison, we present the jsprojected 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

Lamellar transition metal dichalcogenides (TMDC) All the computations of the XANES spectra were carried
MX, (X = S, Se;M = Ti, Zr, Hf, V, Nb, Ta, Mo, or out using the multiple-scatteringONTINUUM code [14]
W) have been among the first phases considered as a hditsed on the one-electron full multiple-scattering (MS)
in intercalation reaction in which a guest species, atomtheory [15-17]. The cluster potential was approximated
ion, or molecule can be reversibly inserted into emptyby a set of spherically averaged muffin-tin (MT) potential,
spaces of the host structure [1-4]. Until quite recentlywhich was built by following the standard Mattheiss pre-
it has been thought that the guest species provides atription [18]: atomic charge densities obtained from self-
electron to the transition metal (TMJ orbitals [5—8]. consistent solutions of the Dirac equations were placed on
Such a conclusion is mainly based on a rigid band modekach atomic site in the cluster, and the superposed charge
More recent investigations [9,10] tend to show that thisdensity was spherically averaged in spheres around the
model is not adequate to study the intercalation processtom whose potential was required. The Coulomb part of
Moreover electronic band structure calculations [11] in theeach atomic potential was generated using charge densities
extended Huickel approach have shown that, in the casa neutral atoms obtained from Clementi and Roetti atomic
of lithium intercalation into titanium disulfide TiSthere  wave function tables [19]. Then the Poisson’s equation for
exists a partial electronic transfer of lithiugy electron the Coulomb or Hartree part of the potential was solved,
to the host structure, on both titanium and sulfur atomsand an appropriate exchange and correlation potential [e.g.,
However, such an approach remains qualitative and ithe X, or the energy- and position-dependent complex
not able to explain the edge shape changes, especially ledin-Lundquist (HL) self-energy.(7, E)] was added.
separating structural and electronic effects. To do so, We refer the reader to Refs. [20,21] and references therein
is necessary to combine accurate electronic band structufer a detailed discussion. In order to simulate the charge
calculations and edge simulations. In this Letter, werelaxation around the core hole in the photoabsorber of
present new x-ray absorption spectroscopy (XAS) datatomic numbetZ (16 in the case of S), we use the well
and theoretical analyses on the Li intercalated compounsgcreened + 1 approximation (final state rule) [16]. This
TiS, that demonstrate the important role of sulfur atomsconsists in taking the orbitals of ti®& + 1 atom and con-
and provide a correct picture in the intercalation processtructing the charge density by using the excited electronic
on TMDC. configuration of the photoabsorber with the core electron

TiS, has been prepared as described in Ref. [12]. Lithpromoted to an empty orbital. We have chosen the muffin-
ium intercalation has been performed by thebutyl tin radii according to the criterion of Norman [22], and
lithium technique at room temperature [13] with the allowed a10% overlap between contiguous spheres to
lithium content determined by flame spectroscopy. Insimulate the atomic bond. The calculated spectra are fur-
order to prevent degradation, samples were handled ither convoluted with a Lorentzian shaped function with a
glove boxes and transferred to the different systems fofull width I';, = 0.59 eV for SK edge [23] to account for
analysis via appropriate airtight containers. X-ray appearthe core hole lifetime andf.,, =~ 0.40 eV for experimen-
ance near-edge structure (XANES) spectra were recordedl resolution.
using the French synchrotron radiation source at LURE Density of states calculations were performed by us-
(Orsay). The sulfulK edge was recorded on the Supering the local density approximation and the tight-binding
ACO storage ring with a Si111 two-crystal monochroma-muffin-tin orbital method in the atomic sphere approxima-
tor, with a 0.4 eV resolution. tion (TB-LMTO-ASA) [24,25].
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g = alt,L) + BleyL) + y13d°), 1)

where L denotes a hole in ligand sulfur. The first two
terms in the right-hand side of Eg. (1) correspond to
the ligand-metal charge-transfer low-energy hybridization
states, or in other words, to a part of the sulfur-titanium
bond. This can be used to explain the changes in tke S
edge upon lithium intercalation process.

In Fig. 2 we present MS calculations of thekSedge
XANES spectra for LiTiS, by using different cluster sizes
around the excited atom. {JiS, has the same struc-
ture as the host TiSbut with different lattice constants
v ay = 3.459 Aandc, = 6.188 A [33], larger than the Ti$
2470 2480 2490 2500 ones @ = 3.406 A, ¢y = 5.694 A) [12]. For S the cen-
ENERGY (eV) tral atom, the first shell consists of three Ti and three Li

FIG. 1. Experimental XANES spectra at IS edge for TiS atoms, instead of only three Ti in the hi®ompound.

(solid line), Liy4TiS, (dashed line), LisTiS, (dash-dotted line), The peakC is reproduced by using solely the first three Ti
and Li;TiS, (dotted line). atoms. Hence this feature reflects transition3 jicstates
hybridized with the narrow metdld band. The double

. : structures are only reproduced in the larger cluster calcu-
Spg:glrgeofl Ijjr?gs fg'fxeggix?eenn?gsgxef geaﬁérl\leaSck- lations, indicating that one would need to take into account
ground subtractién and normalization. TW(.) main featureshlgher coordination neighbors in constructing molecular

can be observed, each one corresponding to two poorly ré)-rb'tals’ €.g.h ande, in octahedral symmetry. This

. ust explains why some lower energy features are sensitive
solved peaks as previously shown [26]. They have bee 0 so-called “long-range” effects. The seven atom clus-
labeledC, C’, D, andD’. Since the first electron-addition g-rang ,

states are T3d states [27] antibonding with $p orbitals, :gra(lpeﬁ!;gg? tshhearﬁrst(;[gir(eaenbl ;Esogasﬁ agr?i%yr\t?ilgﬁtsiorrllst%
the first double peaké andC’ observed in the & edge y PP P

/ . ,
have been identified as these states, which can be assigr{%g tigﬁgdmﬁtﬂt:ﬂggﬁl&gﬁozrstthg ;er]aetili:?/;govv\ygn by

approxmately to transitions to, ande, ba’?d"ke states. defined. This feature reflects transitions to sulprstates
This assignment agrees with the one of Fischer and other

studies based on a molecular-orbital treatment [28—30 %?srl(?jlzfndor\g[rgt-ens ?ﬁéofrilllj:r?ése i?ctjh? rjlzti?;l [3;]rlon
de Grootet al. [31] have analyzed in detail the recorded y 9

spectral features of son3@ TM oxides in terms of ligand-

NORMALIZED ABSORPTION

field theory. The energy separation betwegrand C’ e BESrCi  ma p
peaks f>,-¢, splitting) is about 2.0 eV which is approxi- - 1
mately equal to that obtained by Fischer [28] (2.1 eV), - : g 16%atom
Ohnoet al.[29] (2.0 eV), and Sugiurat al. [32] (2.0 eV).

Upon lithium intercalation the intensity and width of 105-atom

prepeaks< andC’ decrease but no noticeable energy shift
is observed. Pealkl seems to be more influenced by
the intercalation tharC’. The next peakd) and D' at
about 8 eV above th€ feature reflect @-type projected
density of states. In this part, the sulftip orbitals are
hybridized with the T4s and4p bands and constitutes a
kind of accessible continuum state. We note that there are
two interesting trends for these double peaks upon lithium
intercalation: a progressive shift toward lower energy and
an increase of the intensity. Another small featBrean
be seen about 20 eV above tlie peak. Its intensity
decreases upon lithium intercalation, and it seems to be
shifted towards lower energy. | |
In a preceding paper [26] the edge shape of the pristine A R B R
material has been nicely analyzed by full MS theory 10 0 10 20
calculations. It has been shown that the pe@kand C’ ENERGY (eV)

can be described by taking into account a ground stateig. 2. MS calculation of the sulfuk-edge XANES spectra
made of the admixture of configurations in Li;TiS, for different atomic clusters.

49-atom

NORMALIZED ABSORPTION
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backscattering of th&>~ ion and can be understood as Li;TiS,, but without lithium inside the van der Waals gap.
a caging effect of the S shell on the excited electron: th&Ve refer to this pseudocompound asTiS,.” Such a
backscattering creates a relatively sharp scattering resbypothetical compound takes into account the structural
nance around the absorber atom. This is in agreement witsffects but neither the change in the coordination number
the findings of Vvedensky and Pendry [34] on NiO, Lind- nor the charge transfer from lithium to the host. The re-
ner et al. [35] and Rezet al.[36] on MgO, and Kurata sults have been compared to those of,Ta8d Li; TiS, as
et al.on MnO [37]. PeakE is also reproduced within shown with the solid line. The important decrease of@he
this cluster indicating that this feature arises from domi-andC’ peaks is quite similar in LiTiS, and L TiS,, prov-
nantly single-scattering events from this first S shell, asng that the main influence in the preedge is the elongation
suggested by the simple resonance scattering arguments.the titanium-sulfur bond. Nevertheless it is clear in the
The structureD appears after adding several shell atomssimulations that th& peak is weaker in the LTiS, than
and its intensity increases with the increasing of clustem Li(TiS,. This can be attributed to the patrtial filling of
size until 105-atom cluster calculation, showing that thethe r,, levels by the electron transferred from the lithium
final state reached in the core electron transition is not atom, reducing the probability of & electron transition to
simple atomic or molecular state [38]. these levels in the absorption process. On the contrary, the
A simple comparison between the calculated suKur intensity and position of th® andD’ peaks are almost not
edges for Tig and LijTiS, in Fig. 3 shows that the MS changed by the only structural modifications. The occur-
calculations are able to reproduce the variation of relativeence of a new feature at lower energies, in good agreement
intensities and shift of peaks, C’, D, andD’. The in-  with the shift and the increase observed in the experimen-
tensity of the peak in the spectrum is related to the degrewl spectra, is obtained only if lithium is really taken into
of hybridization of the considered atom. In the case ofaccount in the calculations. It proves that, this time, the
lithium intercalation there are three parameters which magffect is mainly due to the charge transfer between lithium
change the sulfur hybridization. Increasing the sulfur coorand sulfur atoms and the change in the sulfur coordina-
dination number from three in T§So six in Li; TiS, (with tion number.
the same bond lengths of S-Ti and S-Li) would increase The evidence of such a change has to be found in a
the hybridization. At the same time the Ti-S bond lengthmodification of the band structure. For this purpose a
increases from 2.428 to 2.473 A [39], and this will reducenew band structure has been performed, by using the TB-
the hybridization between titanium and sulfur. Finally theLMTO-ASA method, and the projected densities of states
hybridization in the ground state betweed Sand Ti3dd  (DOS) on the sulfup orbitals are presented in Fig. 4. The
will decrease withx since if titanium has an electron trans- origin of the energy scale has been arbitrarily fixed at the
ferred in ther,, level from donor Li, then the first term in  Fermi level E;. Just above it we may find the doublet
Eq. (1) will involve two electrons which will be higher in
energy by the Coulomb interactidiy,,. It is impossible 20
to experimentally separate the different contributions. To
do it, we have performed MS calculations on the last clus-
ter model with the same cell and structural parameters of
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calculations: (a) Sp-projected density of states for TiS
FIG. 3. MS calculation of the sulfuk-edge XANES spectra (b) S p-projected density of states for |[iS,. The origin
in TiS, (dashed line), LiTiS, (dash-dotted line), and, for of the energy scale has been arbitrarily fixed at the Fermi level
comparison, pseudocompound (see texg)l$, (solid line). E;.
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