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Abstract

The effects of metal insertion (iron, cobalt and nickel) into 1T-CdI -type TiS layered crystals, expressed as M TiS , have2 2 x 2

been studied by X-ray photoelectron spectroscopy (XPS), scanning tunneling microscopy (STM) and band structure
calculations (FLAPW method). The stoichiometryx51/4 was chosen because of specific crystallographic features of the
compounds studied. We focused our interest on the role played by chalcogen atoms. S 2p core spectra are found to depend
strongly on their chemical surroundings (Ti or Ti and M) and on the guest metal. We imaged the top sulfur plane (001) for
Fe TiS , Co TiS and Ni TiS and note that the results also depend on the compound considered. Theoretical1 / 4 2 1 / 4 2 1 / 4 2

calculations have been carried out in order to improve our knowledge of the electronic structure of M TiS compounds and1 / 4 2

attempts are made to rationalize the experimental data.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction transition metals [1–4]. The type and concentration
of inserted species have a significant effect on the

Several studies of the electronic properties of physical properties of the new structure which results
layered transition metal dichalcogenides (1T-CdI - from charge transfer between the guest and the host2

type TiS ) and their inserted phases M TiS (M53d structure [5,6]. Spectroscopic, electronic and theoret-2 x 2

metals,x50 to 1) have been undertaken because of ical studies [5–17] have been reported in the litera-
their anisotropic magnetic and electronic properties. ture and have contributed to a better understanding
From a crystallochemical point of view, the host of the electronic structure of some inserted phases.
compound (TiS ) can act as a lattice for the insertion Electronic and structural modification phenomena2

of electron-donating species such as alkali metals or induced by insertion (in various types of materials
and guest species) have been studied in our group for
several years [14,15,18–20]. These studies where*Corresponding author. Tel.:133-5-5992-3081; fax:133-5-
first supported by XPS and theoretical calculations.5980-8344.
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AFM studies on layered, misfit and inserted com- and the substructure forms a lattice with parameters
pounds [21,22]. 2a 3 2a (where ‘a’ is the TiS parameter) in the2

This work reports systematic X-ray photoelectron hexagonal (a, b) plane. The basis of the unit cell is
spectroscopy (XPS), room temperature UHV scan- composed of four titanium atoms, eight sulfur atoms
ning tunneling microscopy and theoretical studies and one nickel (cobalt or iron) atom (Fig. 1 repre-
(WIEN97 code) on the inserted compounds sents the basal plane projection of the inserted
Fe TiS , Co TiS and Ni TiS , widely less M TiS phase). When the intercalation stage is first1 / 4 2 1 / 4 2 1 / 4 2 1 / 4 2

studied than the M TiS specific stoichiometry. As order, one of the titanium atoms in the unit cell (Ti11 / 3 2

these samples present the same specific crystalloch- localized in site 1a; Table 2) is aligned with the
emical features (especially different sites for sulfur nickel (cobalt or iron) metal atom while the three
and titanium atoms), we have interpreted the evolu- others (Ti2, Ti3, Ti4), located in site 3e (Table 2),
tion of their electronic characteristics, according to are below or above the empty octahedral sites of the
the guest metal inserted. The originality of this paper van der Waals gap. This structure is based on
lies in the investigation of these compounds by stacking in plane (a, b) of TiS slabs built from edge2

XPS/STM and theoretical calculations, with special sharing [TiS ] octahedra and along the [001] direc-6

interest in the role of chalcogen atoms, in contrast to tion from face-sharing [MS ] and [TiS ]. We can6 6

previous studies which focused on the metal atoms. differentiate two types of sulfur atoms: some of them
(75%), located in site 6i (named S2; Table 2, Fig. 1),
are coordinated to nickel (cobalt or iron) and three

2 . Crystallographic structure titanium atoms and the others (25%), located in site
2d (named S1; Fig. 1), have only three titanium

Titanium disulfide is one of the transition metal atoms as first neighbors. The M TiS lattice pa-1 / 4 2

dichalcogenides that crystallize in the CdI system rameters and the atomic coordinates are given in2
¯(P3m1, space group No. 164). It can be described as Tables 1 and 2, respectively.

a simple juxtaposition of stacked layers along a
crystallographic axis. The slabs of octahedra consist
of two anionic layers sandwiching a metallic one. 3 . Experimental and computational details
The anionic layers have hexagonal close packing
with the metal occupying half of the octahedral sites. The elements Fe (Co, Ni), Ti and S were mixed in
The vacant octahedral sites form the van der Waals appropriate proportions and placed in a quartz tube,
gap. This structure suggests that this compound is a which was sealed under vacuum. The mixture was
good candidate for insertion (nickel, cobalt or iron in then heated to 10508C for 10 days and then slowly
our case) by occupation of free octahedral sites. The cooled to room temperature. An intermediate crush-
lattice parameters of the TiS lattice were determined ing of the product was necessary to obtain homo-2

by X-ray diffraction [5,6,23,24] and are summarized geneity. A small amount of iodine was then added to
in Table 1. favor crystallization [25]. The single crystals ob-

For M TiS (M5Fe, Co, Ni), superstructure tained were in platelet shape and could be easily1 / 4 2

ordering of the M ion in the van der Waals gap was cleaved.
observed. The structure crystallizes in the same Chemical composition and phase purity determi-

¯space groupP3m1 (space group No. 164) as TiS nation were carried out with an electron microprobe2

mounted on a scanning electron microprobe.
The XPS analyses were performed with a Surface

Table 1 Science Instruments Spectrometer (model 301) using
Lattice parameters determined by X-ray diffraction data

focused (diameter of the irradiated area5300 mm)[5,6,25,26]
monochromated Al Ka radiation (1486.6 eV). The

TiS Fe TiS Co TiS Ni TiS2 1 / 4 2 1 / 4 2 1 / 4 2 residual pressure inside the analysis chamber was in
29˚a 5 b (A) 3.409 6.836 6.790 6.764 the 5310 Pa range. The spectrometer was cali-

˚c (A) 5.685 5.708 5.636 5.678 brated using the photoemission lines of gold (Au
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Fig. 1. Basal plane projection of the intercalated phases.

4f 583.9 eV, with reference to the Fermi level)7 / 2

and copper (Cu 2p 5932.5 eV). For the Au 4f3 / 2 7 / 2

lines, the full width at half maximum (FWHM) was
Table 2 0.86 eV. The peaks were recorded with a constant
Atomic coordinates, multiplicity and site symmetry of the

pass energy of 50 eV. All the compounds wereM TiS unit cell atoms1 / 4 2

sufficiently good conductors to preclude charging
Atom x y z Multiplicity,

effects and the binding energies were obtainedsite symmetry
directly. The XPS signals were analyzed by using a

¯Ti1 (1) 0 0 0 1a, 3m peak synthesis program in which a non-linear back-
Ti2 (2) 1/2 0 0 3e, 2 /m

ground is assumed and the fitting peaks of theTi3 (3) 0 1/2 0 3e, 2 /m
experimental curve are defined by a combination ofTi4 (4) 1/2 1/2 0 3e, 2 /m

S2 (1) 1/3 1/6 21/4 6i, m Gaussian (80%) and Lorentzian (20%) functions.
S2 (2) 5/6 1/6 21/4 6i, m The curves fit for core peaks were obtained using
S1 (3) 1/3 2/3 21/4 2d, 3m fixed amplitude ratios, fixed spin–orbit splits and
S2 (4) 5/6 2/3 21/4 6i, m

fixed FWHM ratios deduced from the analysis ofS2 (5) 1/6 1/3 1/4 6i, m
reference compounds. It is to be noted that aS1 (6) 2/3 1/3 1/4 2d, 3m

S2 (7) 1/6 5/6 1/4 6i, m minimum number of doublets has always been used
S2 (8) 2/3 5/6 1/4 6i, m in order to fit the experimental curves. Each com-

¯Fe, Co or Ni 0 0 1/2 1b, 3m pound was cleaved in a glove box filled with
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continuously purified nitrogen (O and H O level irreducible part of the Brillouin zone. In these2 2

below 2 and 7 ppm, respectively) and fixed directly studies, we used 52 irreducible Brillouin zonek
onto the introduction chamber of the spectrometer. points, angular moment ofL 510, and muffin-tinmax

STM analyses were conducted in UHV using a radii for the atomic species of Ti, Fe, Co, Ni52.0
commercial (VP from Park Scientific Instrument) a.u., S51.8 a.u. The density of states (DOS) was
scanning tunneling head, controlled by feedback obtained using the improved tetrahedron method

¨electronics and software of conventional design. The given by Blochl et al. [28].
residual pressure inside the analysis chamber was in

29the 5310 Pa range. Mechanically-sharpened Pt / Ir
tips were used. Atomic scale images were recorded 4 . XPS results
in the constant current mode. STM observed images
were filtered by using the fast Fourier transform 4 .1. Core peaks
(FFT) procedure to emphasize the periodic features
of the pattern. In this procedure, the pronounced As stringent handling conditions were imposed to
frequency patterns in the FFT power spectra were avoid contamination, a low oxygen content (,2%)
saved to construct an idealized image in the reverse was found in all compounds. The results obtained for
transform. The graphite, used as calibration sample, the main core peaks Ti 2p, M 2p, and S 2p of
always gave the correct periodicity. Height profiles Fe TiS , Co TiS and Ni TiS (and TiS for1 / 4 2 1 / 4 2 1 / 4 2 2

were obtained along two lines at an angle of 1208. comparison) are reported in Table 3. The corre-
All the compounds were cleaved before their intro- sponding S 2p spectra are presented in Fig. 2.
duction into the UHV-STM chamber. Non-cleaved The M 2p (M5Fe, Co, Ni) peaks (708.4/3 / 2

sample images exhibit the same features as cleaved 778.9/853.0 eV) in M TiS appear at a higher1 / 4 2

samples but with a lower signal-to-noise ratio. binding energy than for metallic elements recorded
We have performed band-structure calculations in our spectrometer (706.6/777.5/852.0 eV). This

using the full linear potential augmented plane wave energetic shift reflects the presence of a positive
(FLAPW) method, as implemented in the WIEN97 charge on the metallic atom in the inserted com-
code developed by Blaha et al. [26]. Our calculations pounds, in agreement with the guest–host classical
are based on density functional theory (DFT) within charge transfer phenomena. We note the presence of
the generalized gradient approximation (GGA) [27] satellite structures located at higher binding energies
which is in most cases an improvement over LSDA for the three compounds. The ratio between the
(local spin density approximation). All calculations intensity of the main peak and its satellite (equivalent
are well converged in terms of the size of the plane for the three inserted compounds) is indicated in
wave basis set and thek-point sampling within the Table 3.

Table 3
Binding energies (eV) and FWHM (full width at half maximum) in brackets for the main core peaks and satellites

S 2p TiS Fe TiS Co TiS Ni TiS3 / 2–1 / 2 2 1 / 4 2 1 / 4 2 1 / 4 2

160.8–162.0 160.6–161.8 (76%) 160.6–161.8 (80%) 160.6–161.8 (78%)
[0.8] [0.9] [1.0] [1.1] [1.0] [1.1] [1.0] [1.1]

161.7–162.8 (24%) 162.0–163.0 (20%) 162.1–163.2 (22%)
[1.1] [1.2] [1.1] [1.2] [1.1] [1.2]

Ti 2p 455.9–462.1 455.5–461.5 455.5–461.6 455.6–461.63 / 2–1 / 2

[1.5] [1.8] [2.3] [2.3] [2.4] [2.4] [2.4] [2.4]

M 2p 708.4 [3.9] 778.9 [3.4] 853.0 [2.9]3 / 2

M5Fe, Co, Ni 713.6 (sat) [4.7] 783.7 (sat) [5.6] 858.0 (sat) [4.8]
Is/Ip50.3 Is/Ip50.3 Is/Ip50.3

Is/Ip5intensity of satellite peak/ intensity of primary peak.
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two doublets for all the inserted compounds. The
experimental ratio obtained for each sulfur type (76/
24% for Fe TiS , 80/20% for Co TiS and 78/1 / 4 2 1 / 4 2

22% for Ni TiS ) agrees with the theoretical1 / 4 2

crystallographic structure, in which the atoms named
S2 and S1 are comprised of 75 and 25% of sulfur
atoms, respectively. Consequently, the S 2p doublet
on the high-energy side is associated with sulfur
atoms in a metallic environment similar to the host
structure TiS . The more intense doublet is attributed2

to sulfur atoms coordinated with both titanium and
the inserted metal; its lower binding energy reflects
the appearance of a more negative charge. It is to be
noted that in agreement with the bulk stoichiometry,
the different chemical surroundings for sulfur atoms
are clearly identified by XPS. In addition, they
present some differences depending on the com-
pounds considered. The split between the two doub-
lets (3/2 components) is 1.0 eV for Fe TiS , 1.2 eV1 / 4 2

for Co TiS and 1.4 eV for Ni TiS . Sulfur1 / 4 2 1 / 4 2

atoms seem to be the most differentiated in the case
of Ni TiS .1 / 4 2

4 .2. Valence bands

The valence band spectra of TiS , Fe TiS ,2 1 / 4 2

Co TiS and Ni TiS are presented in Fig. 3.1 / 4 2 1 / 4 2

The valence spectrum of TiS presents two main2

bands separated by 9.5 eV. The broad band at lower
binding energy exhibits a characteristic triplet struc-
ture, with three maxima located at 5.0, 3.3 and 2.2
eV. On the high binding energy side, a single band is
observed centered at 12.8 eV, with a FWHM (full
width at half maximum) equal to 2.4 eV. This band is
clearly broadened for Fe TiS (FWHM: 2.8 eV),1 / 4 2

Co TiS (FWHM: 2.9 eV) and Ni TiS (FWHM:1 / 4 2 1 / 4 2

2.9 eV), with an asymmetric shape towards high
Fig. 2. S 2p core spectra for TiS (a), Fe TiS (b),3 / 2–1 / 2 2 1 / 4 2 binding energies.Co TiS (c) and Ni TiS (d).1 / 4 2 1 / 4 2

In the valence band peaks of Fe TiS , we notice1 / 4 2

the appearance of a new contribution (compared with
The Ti 2p core peaks for inserted compounds are the host compound TiS ) on the low binding energy2

clearly broadened with a slight shift of the maximum side, which leads to an electronic density at the
towards low binding energies compared with the host Fermi level reflecting a metallic behavior. This new
compound and show an asymmetric shape. Satellite contribution is attributed to the influence of the
structure is not clearly observed in that core energy inserted metal. A similar spectrum has been observed
range. previously for Fe TiS [14,15] except that a more1 / 3 2

The S 2p peaks can be decomposed into pronounced structure has been observed nearE (in3 / 2–1 / 2 F
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inserted metal (Co and Ni) on the electron density at
the Fermi level seems to be more pronounced than
for Fe TiS .1 / 4 2

5 . STM results

Atomic scale imaging of TiS was carried out for2

comparison with and to calibrate images from the
inserted compounds M TiS . Images and associatedx 2

height profiles are presented in Figs. 4 and 5. As
expected, the STM scan for TiS (Fig. 4a) exhibits a2

hexagonal structure, regardless of the tunneling
current (0.2–2 nA) or the bias voltage applied to the
substrate (2300 to 300 mV). The measured lattice

˚spacing of 3.45 A is in agreement with the literature
X-ray diffraction data [5,6]. The surface chalcogen
and the subsurface metal layers both have identical
symmetries and lattice parameters. The origin of this
image (and more generally of layered transition-
metal dichalcogenide images) remains controversial
in terms of the role played by the different types of
atoms. Considering only the electronic density near
the Fermi level, images obtained with positive and
negative polarization should reveal the structure
formed by the two types of atoms. However, when

˚the layered structure is considered, they are 1.5 A
apart. We have shown by experimental and theoret-
ical work [22] that the titanium atoms are too far
from the tip to contribute to the tunneling current and
so, only the plane of sulfur atoms is responsible for
the image obtained. These results are in agreement
with STM images obtained from several layered
materials [29]. In addition, the image exhibits bright
and dark zones with no specific symmetry or period-
icity. The modulating intensity could be due to
surface defects or different levels of the top sulfur
atoms observed. In fact, the cohesion between atomicFig. 3. XPS valence bands of TiS (a), Fe TiS (b), Co TiS2 1 / 4 2 1 / 4 2

planes is partially due to electrostatic forces, which(c) and Ni TiS (d).1 / 4 2

are not equal over the entire surface; so, all the sulfur
atoms in the top plane are not at exactly the same

agreement with a higher concentration of the inserted height, so they may induce contrast differences in the
species). image.

For Co TiS and Ni TiS , the relative intensi- For the inserted compounds, the images of the top1 / 4 2 1 / 4 2

ty of the maxima located at 4.9 and 4.7 eV (Fig. 3) sulfur planes (001) do not depend on the tip polari-
increases compared with TiS and Fe TiS (5.0 zation. Excellent atomic resolution was obtained for2 1 / 4 2

and 4.8 eV; Fig. 3). Furthermore, the influence of the all M TiS (Figs. 4 and 5) compounds, using bias1 / 4 2
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Fig. 4. STM images of TiS (a) and Fe TiS (b) and associated height profiles.2 1 / 4 2

voltage of2300 to 300 mV and tunneling current of atom types, with different heights. These results are
0.1–3 nA. in agreement with the crystallographic structure for

The STM image of Fe TiS (Fig. 4b) shows a the different chemical environments of sulfur in the1 / 4 2

unique sulfur atom hexagonal structure, with lattice inserted compound. We can distinguish in the
˚spacing of 3.5 A, similar to TiS (Fig. 4a). As for the Ni TiS (and less evident for Co TiS ) image2 1 / 4 2 1 / 4 2

host compound, the image exhibits bright and dark two different and alternated atom rows: one is
zones with no specific symmetry or periodicity. composed of similar brightness spots and the other of
These zones could be due to non-equivalent electro- alternately bright and dark spots. Furthermore, dark
static forces, which give rise to the cohesion between triangular shape zones are periodic all over the
planes. image; the unit cell seems to be formed by two

For Co TiS and more clearly for Ni TiS , we triangular zones (Fig. 5b) with different brightness.1 / 4 2 1 / 4 2

notice two kinds of hexagonal structures (Fig. 5a) Note that all the STM scans of Co TiS exhibit1 / 4 2

with lattice spacings of 2a anda (wherea is the unit some defects (dark zones), certainly due to surface
cell parameter of TiS ). They are, respectively, atom vacancies.2

represented by bright (25% of the image) and dark Thus, depending on the guest species inserted,
(75% of the image) spots. These two kinds of STM analysis can exhibit two types of sulfur atoms,
hexagonal structures are confirmed by the Fourier in agreement with the crystallographic structure. It is
transform (obtained from the unfiltered image) and to be noted that sulfur atoms with the highest
the height profiles (Fig. 5a and b), which reveal two electronic density, according to XPS results, appear
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Fig. 5. STM images of Co TiS (a) and Ni TiS (b), FFT and associated height profiles. The unit cell of Ni TiS is zoomed to1 / 4 2 1 / 4 2 1 / 4 2

highlight the two triangular zones.

as dark spots in the image, while bright spots seem the results obtained (Figs. 6a and 7a,b) agree with
to be characteristic of sulfur atoms with lower previous theoretical calculations [31]. The main
electronic density (located on the high binding contribution of S 3s orbital is observed between
energy side in the S 2p XPS spectra). 213.2 and211.8 eV (E–E ). The DOS betweenF

25.1 and 0 eV is derived from S 3p orbitals with a
non-negligible admixture of Ti 3d orbitals. The

6 . Theoretical results and discussion characteristic triplet structure in the valence band
spectrum is a result of these S 3p–Ti 3d interactions.

The previous experimental data have highlighted Compared to TiS , our theoretical calculations for2

the influence of the nature of the inserted metal. In M TiS compounds are in agreement with the1 / 4 2

order to investigate this experimental observation observed increase in the experimental gap between
more deeply and to improve our knowledge of the the two main bands of the valence spectra (gaps are
electronic structure of M TiS compounds, we calculated between the maximum of the S 3s band1 / 4 2

have performed FLAPW calculations. and the maximum of the middle of the characteristic
First, it is of interest to analyze DOS curves for triplet of TiS ).2

comparison with XPS valence bands. Non-modulated
total DOS have been discussed taking account of the • TiS : experimental: 9.5 eV; theoretical: 9.2 eV.2

fact that cross-section weighted (occupied) DOS • M TiS : experimental |9.7 eV; theoretical1 / 4 2

overemphasize the 3d contributions, as observed in |10.1 eV.
previous studies and noted in other works [30].

To avoid an exhaustive presentation, only the Through DOS curve analysis, it is to be noted that
main DOS projected curves are reported. For TiS , between214.2 and212.1 eV (E–E ), two bands are2 F
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observed for each M TiS system studied. These1 / 4 2

appear characteristic of the two different chemical
environments of sulfur atoms (respectively S1 3s and
S2 3s orbital contributions), with slight participation
from Ti 3d orbital states. This result is consistent
with the broadening of the experimental band on the
high binding energy side, compared with the host
structure (Fig. 3).

Between26.8 and 0 eV (E–E ), a broad band,F

which could be divided into two parts, includes the
highest occupied states for Fe TiS (Fig. 6 and 7):1 / 4 2

the first one (between26.8 and21.4 eV) is mainly
characteristic of the S 3p orbital but with some
contributions from Ti 3d and Fe 3d orbitals. The
second part, close to the Fermi level, primarily arises
from iron 3d localization with some participation of
the Ti 3d orbital and a weak contribution from the S
3p orbital. This result is consistent with the XPS
analysis of the Fe TiS valence band, which1 / 4 2

reveals the contribution of the inserted species at low
binding energies. The Fermi level is located in the
second part and leads to a high electronic density
associated with Fe 3d (39.5%), Ti 3d (50.0%) and S
3p (10.5%) orbitals. This result agrees with transport
properties reported by Meakin et al. [32], which
reflect a metallic behavior for this compound.

For Co TiS and Ni TiS (Figs. 6 and 7) the1 / 4 2 1 / 4 2

corresponding DOS curves between26.8 and 0 eV
contain two parts, with similar contributions as
Fe TiS : S 3p orbitals between26.8 and21.4 eV1 / 4 2

and Co 3d/Ni 3d orbitals between21.4 and 0 eV.
For both, as previously noted for Fe TiS , we1 / 4 2

observed that the M 3d orbitals contribute to the
second part close to the Fermi level, in agreement
with the experimental spectra.

In addition, the M 3d orbital contribution relative
to the total DOS in the energy window26.8 to
24.3 eV follows this order: Ni TiS (9.5%),1 / 4 2

Co TiS (5.1%) and Fe TiS (4.4%). These1 / 4 2 1 / 4 2

features may be related to the enhancement found in
the experimental spectra around 4.7 and 4.9 eV for
Ni TiS and Co TiS , considering the fact that1 / 4 2 1 / 4 2

the photoionisation cross-section decreases in the
following order: Ni 3d (0.398 in units of the C1s
cross-section of 22.0 barns), Co 3d (0.266) and Fe 3d

Fig. 6. Total and partial (sulfur 3p) DOS for TiS (a), Fe TiS2 1 / 4 2 (0.171) [33] (S 3p: 0.0774; Ti 3d: 0.0126).(b), Co TiS (c) and Ni TiS (d) (partial DOS for the three1 / 4 2 1 / 4 2
Furthermore, the presence of satellite structuresinserted compounds: sulfur 3p in a mixed environment and M 3d

orbital). (observed for M 2p core peaks) in the valence band
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Fig. 7. Partial DOS for sulfur atoms (S1 and S2) and titanium atoms (Ti1 and Ti2) in TiS (a,b), Fe TiS (c–f), Co TiS (g–j) and2 1 / 4 2 1 / 4 2

Ni TiS (k–n).1 / 4 2
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may also contribute to the intensity increase for Ni TiS valence band can be understood by con-1 / 3 2

Ni TiS and Co TiS . These structures can not figuration-interaction (CI) calculations.1 / 4 2 1 / 4 2

be predicted by our theoretical approach; indeed in On the whole, the main features of the valence
calculations using the density functional approach, spectra of the inserted compounds are reasonably
the electronic correlation in the ground state is well supported by analysis of the DOS curves.
accounted for, but does not take into account final In order to investigate more deeply the charge
state effects associated with satellite structures. How- transfer and the interaction between atoms, we have
ever, it is to be noted that previous studies on undertaken a comparative analysis of charge density

102Ni TiS by Fujimori et al. [11] using a NiS maps (Figs. 8 and 9) and partial charges. These last1 / 3 2 6

cluster model have shown that the broadening of the data are obtained from an integration of the l(m) like

Fig. 8. DOS for Fe TiS and partial density plots for the two different energy regions.1 / 4 2
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Fig. 9. DOS for Ni TiS and partial density plots for the two different energy regions.1 / 4 2

charge density over the respective atomic spheres. reference to their ground state. This is consistent
This corresponds to a spatial decomposition of the with the classical view of a charge transfer from the
electronic charge and since delocalized wavefunc- inserted species to the host lattice. The increase of
tions are only partly confined to the atomic spheres, their respective net charge is in agreement with the
a lot of charge lies outside the spheres and thus chemical shift observed towards high binding ener-
cannot be analyzed further. Therefore, one must be gies for the M 2p peaks (when referenced to the3 / 2

careful in the interpretation of these partial charges. metallic elements).
However, these data are valuable [34] when we Considering titanium atoms, it is to be remem-
compare a series of related compounds as in this bered that in the basic lattice of M TiS , one of the1 / 4 2

work. titanium atoms (Ti1) is aligned with the guest atom
A positive character is observed for iron, cobalt along the [001] direction, while the other three (Ti2,

and nickel atoms (around11.8 e- for each) with Ti3, Ti4) are below (or above) empty octahedral sites
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of the van der Waals gap. The charge transfer from not presented because features are the same as
the inserted metal to the host lattice is recovered Ni TiS ).1 / 4 2

partially by titanium atoms, which become charged The partial charge analysis carried out over sulfur
(in comparison to the same atoms in TiS ). This atoms exhibits no difference between sulfur atoms2

phenomenon is confirmed by partial charge analysis: named S1 and sulfur from the host compound TiS .2

Ti (from TiS ): 19.43; Ti1 and Ti2 (from Small differences are observed for sulfur atoms2

Fe TiS ): 19.48 and 19.46; Ti1 and Ti2 (from named S2: the most important is for Ni TiS where1 / 4 2 1 / 4 2
22Co TiS ): 19.50 and 19.48; Ti1 and Ti2 (from D(q 2q )53.10 . In addition, differentiated1 / 4 2 S2 S1

Ni TiS ): 19.50 and 19.48. The partial population DOS curves (Fig. 7) are computed for the partial1 / 4 2

of titanium atoms d levels (Ti1 and Ti2) after density of states associated with S1 and S2 atoms for
insertion is clearly underlined by an electronic the three inserted compounds (Fig. 7d,f,h,j,l,n). The
density at the Fermi level compared with DOS partial DOS curves for S1 atoms exhibit a ‘triplet’
associated to titanium atoms from TiS (Fig. 7). shape, similar to the one of sulfur atoms in TiS2 2

Only small differences exist between Ti1, and (Fig. 6a), whereas the partial DOS curves for S2
Ti2,3,4 DOS curves for each inserted compound atoms are different (Fig. 7f,j,n) from that of the host
(Fig. 7). However, the Ti1 3d contribution to the compound (Fig. 6a). Sulfur atoms in a mixed metal-
total DOS is slightly higher than the Ti2 3d contribu- lic environment (one M and three Ti atoms) are then
tion for each compound (Fe TiS : Ti1: 5%; Ti2: clearly identified. These results support the previous1 / 4 2

4.8%; Co TiS : Ti1: 4.9%; Ti2: 4.7%; Ni TiS : S 2p core peaks analysis. The interacting orbitals (Ti1 / 4 2 1 / 4 2

Ti1: 4.9%; Ti2: 4.7%). The charge transfer from M 3d/S 3p or Ti 3d/M 3d/S 3p) involved in the energy
to Ti1 is then slightly higher when titanium atoms range (E–E 526.8 to 21.4 eV) are then differentF

are aligned with the guest species. These results depending on the sulfur atoms concerned. We noted
could be one argument to explain the broadening and previously in the experimental XPS section that the
the asymmetric shape of the Ti 2p core peaks. Note energy splitting between the two doublets of sulfur
that previous work [11] on Ni TiS has also atoms increases from Fe TiS , Co TiS to1 / 3 2 1 / 4 2 1 / 4 2

considered final state effects as well (which could Ni TiS . This effect could be explained by the1 / 4 2

not be predicted by our theoretical approach) to magnitude of interactions between S2 (sulfur in a
explain the Ti 2p core features. mixed environment) 3p and the metal 3d orbitals

The main difference between the three compounds concerned. Fig. 6 presents the total and partial (S2
is the nature of the 3d orbitals involved in the charge 3s, S2 3p, M 3d) DOS for the inserted compounds.
transfer M to Ti1; this phenomenon is revealed at the By integrating these curves in the energy range

2level of the Ti1 3dz for Fe TiS whereas all the Ti (E–E 526.8 to 21.4 eV), the following results1 / 4 2 F

3d orbitals are involved without any clear differentia- have been obtained for the relative S2 3p and M 3d
tion in Co TiS and Ni TiS . participations in the total DOS:1 / 4 2 1 / 4 2

TiS Fe TiS Co TiS Ni TiS S2 (Ti, M) 3p M 3d (%) Ratio2 1 / 4 2 1 / 4 2 1 / 4 2

2 (%)Ti1 3dz / 0.16/1.44 0.31/1.50 0.26/1.51 0.22/1.51
Ti1 3d Fe TiS 66.8 7.0 0.101 / 4 2

partial charge Co TiS 64.8 9.1 0.141 / 4 2

Ni TiS 61.3 14.1 0.231 / 4 2

The charge density map in the (110) plane of
Fe TiS and Ni TiS (Figs. 8 and 9) in the These results highlighted different degrees of1 / 4 2 1 / 4 2

energy window21.4 to 0 eV (E–E ) supports the interaction magnitude according to the nature of theF

previous comments. This energy region corresponds inserted atom and help to explain the different
to the maximum participation of Ti and M d orbitals energy splitting observed by S 2p core peak analysis.
to the total DOS. The directional character of the The charge density map (plane 110) of Fe TiS1 / 4 2

charge transfer is undoubtedly more pronounced for and Ni TiS (Figs. 8 and 9) in the energetic1 / 4 2

the iron inserted compound than for nickel (or cobalt, window26.8/21.4 eV (E–E ) underlined the phe-F
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nomenon. The magnitude of interaction is higher for Fermi level may be one argument to explain the
Ni TiS than for Fe TiS , leading to a higher experimental STM images. We can consider that the1 / 4 2 1 / 4 2

sulfur S2/nickel interaction than sulfur S2/ iron. differentiation between the two sulfur atoms for
On the whole, the main interactions in M TiS Ni TiS and Co TiS could be due to different1 / 4 2 1 / 4 2 1 / 4 2

compounds occurred between M–S2–Ti1 atoms. contributions to the electronic density of each around
Concerning M to Ti1 interactions, similar charge the Fermi levelr(E -eV).F

transfer was noted; the main difference between the Furthermore, we have noted for Ni TiS images1 / 4 2
2three compounds is the electronic diffuse (dz orbi- that one cell could be described by one light triangle

tals) character observed in the case of Fe TiS . The and one dark triangle (Fig. 5b). Three sulfur atoms1 / 4 2

less directional character of the whole d electronic delimit each of them. These brightness differences
density (greater localization around the nuclei) for could be due to electronic densities variations de-
cobalt and nickel may explain the more pronounced tected by the tip. Considering the surface layers, we
interaction between M(Co, Ni) and S2 atoms. can say that the light zone is aligned with a nickel

Considering now the STM results, remember that atom and the dark zone is above an octahedral
at relatively small bias voltage, and when the tip to vacancy. The electronic density due to a nickel atom
surface interaction is negligible, the nature of an is then slightly detected by the tip in a second order
STM image is determined by both an electronic interaction through the sulfur-titanium-sulfur layers
factor and a geometrical factor, originating from the and could explain the luminosity of the triangle.
exponential decrease of atomic orbital amplitude Besides these comments on electronic features, we
with distance. The electronic factor is specified by are conscious that only slab theoretical calculations
the local density around the Fermi level of filled or taking into account the geometrical factors could
empty (according with the tip polarity) states of the clearly support this discussion. However, some pre-
outermost sulfur plane (in our case). liminary arguments could be envisaged; the different

We examine the local density of states of each sulfur atom chemical surroundings involve different
compound associated with the highest occupied electrostatic interactions between the subsurface
bands in an energy window (E –0.3, E ) eV. By metal layer (titanium atoms) and the top sulfur plane.F F

integrating the partial DOS of each sulfur type in the Some chalcogen atoms (from the outer layer) could
previous energy range (E –0.3 eV) for the three be at a higher height than the others (from the sameF

compounds, we obtain the following results for the plane) and could be highlighted by the tip because of
S2 3p and S1 3p participation in the total DOS: the exponential link of the tunneling current with the

surface to tip distance. There is a non-rigidity of the
structure, resulting from the population of d anti-S2 (Ti,M) 3p S1 (Ti) 3p Ratio

(%) (%) bonding levels of titanium atoms and thus an elonga-
tion of Ti–S bond [35]. Considering the change ofFe TiS 1.20 1.25 1.041 / 4 2

the metal–sulfur distance and the different coordina-Co TiS 1.30 2.00 1.541 / 4 2

Ni TiS 1.40 3.00 2.14 tion for sulfur atoms (Ti or Ti and M), we can1 / 4 2

suggest that the structure differs from an ideal
(% are expressed in terms of the participation of 3p arrangement, especially for the surface atomic plane.
orbital from one sulfur type to the total DOS). For Then, the different heights for sulfur atoms sug-
each compound, note that these ratios are quasi gested previously may find their origin in electronic
constant over the energetic window:E –0.3 eV. It is charge transfer. For these atoms, the surface to tipF

of interest to note the inversion of the valence distance would be reduced and could explain the
electronic density and the electronic density around appearance of bright spots on the corresponding
the Fermi level for the different sulfur atoms in the STM image. This phenomenon could be compared to
inserted compounds. This phenomenon is obvious surface local relaxation.
for Ni TiS and could explain the clear differences To be consistent with the interpretation given1 / 4 2

between XPS and STM data. previously for Ni TiS and Co TiS , the same1 / 4 2 1 / 4 2

The local density of filled sulfur states around the explanation should be convenient for Fe TiS . We1 / 4 2
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can suppose that for this last compound, the mag- R eferences
nitude would not be sufficient to influence the
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