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Abstract
The scanning tunneling microscopy (STM) and atomic force microscopy (AFM) images of two model systems
M1=4 TiS2 (M ¼ Fe, Ni) were interpreted on the basis of the partial electron density qðr; EF Þ and total electron density
qðrÞ of a slab which consists of seven (0 0 1) M1=4 TiS2 atomic layers. The geometrical structure of the slabs investigated
was optimized. Electronic structure calculations were performed using the ab initio periodic LCAO-DFT method. The
top sulfur plane (0 0 1) imaged gives a diﬀerent answer depending both of the compounds considered and the scanning
probe microscopic instrument used. Theoretical calculations have then been carried out in order to improve our
knowledge of the surface electronic structure of these inserted compounds and attempts are made to rationalize the
experimental data. A speciﬁc behavior of the surface electronic structure in comparison with the 3D compounds
(depending on the guest specie inserted) is shown.
Ó 2003 Elsevier Science B.V. All rights reserved.
Keywords: Density functional calculations; Ab initio quantum chemical calculations; Scanning tunneling microscopy; Atomic force
microscopy

1. Introduction
For the last years, numerous studies have been
devoted to the insertion phenomena in transition
metal dichalcogenides such as TX2 (T ¼ Ti, Mo,
Ta, V and X ¼ S, Se, Te). These compounds have
layered structures with van der Waals gap, which
is advantageous to insert various atoms or mole-
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cules to modify the physical properties of the host
material. In particular, insertion of 3d transitionmetal M into the van der Waals gap gives Mx TX2
compounds (0 < x < 1).
As titanium disulﬁde TiS2 is considered as the
prototypal compound in the series of the TX2
layered materials, the intercalated compounds
Mx TiS2 have been the subject of several studies [1–
5]. They have been devoted predominantly to the
electronic and structural modiﬁcations induced by
the insertion of the transition metal. Recently, we
have undertaken the analysis of the electronic
structures of M1=4 TiS2 intercalated compounds
(M ¼ Fe, Co or Ni) using both X-ray photoelectron
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spectroscopy (XPS) and scanning tunneling microscopy (STM) [6]. This stoichiometry (x ¼ 1=4)
leads to speciﬁc crystallographic features, especially diﬀerent sites for sulfur (mono- or bimetallic
chemical surroundings) and titanium atoms. The
most striking results have been obtained concerning the role played by chalcogen atoms, which is
rarely considered in the literature. For example,
XPS S2p core spectra are found to depend strongly
to their chemical surrounding (Ti or Ti and M) and
on the nature of the guest metal. Band structure
calculations (FLAPW method) were also used to
understand the change of the bulk electronic
properties, the bonding nature between the guest
atoms and the host, and are consistent with the
evolution of the XPS data. STM experimental results on M1=4 TiS2 (M ¼ Fe, Ni) compounds have
also shown diﬀerent behavior according to the
nature of the guest metal inserted, but no theoretical approach has been undertaken.
The purpose of this work is to understand both
scanning tunneling and atomic force microscopic
images, through a comparison of 2D electronic
properties of M1=4 TiS2 compounds for M ¼ Ni and
Fe. In this way, 2D theoretical calculations have
been carried out with the periodic ab initio density
functional method using atomic valence-electron
basis sets (LCAO-DFT), developed in the CRYSTAL98 code [7,8]. The geometrical structure of the
slabs investigated in this work has been optimized
and the density of states analyzed in the energetic
range corresponding to our experimental conditions (for 0.3 eV below the Fermi level in STM and
the total valence electron density in AFM). An
attempt to simulate images is realized by computing the electron density map above the plane of the
top sulfur layer. Analyses of density of states,
atomic valence populations, dipole and quadrupole
moments along the direction perpendicular to the
surface are made to improve our knowledge of the
surface electronic structure of M1=4 TiS2 .

2. Experimental and computational details
The elements Fe (Co, Ni), Ti and S were mixed
in appropriate proportion and placed within a
quartz tube, which was sealed under vacuum. The

mixture was then heated to 1050 °C (gradient
50 °C) during 10 days and afterwards slowly
cooled down to room temperature. An intermediate crushing of the product was necessary to obtain homogeneity. A small amount of iodine was
then added to favor crystallization [9]. The obtained single crystals were in platelet shape and
could be easily cleaved. Chemical composition and
phase purity were carried out with an electron
microprobe (for the bulk) mounted on a scanning
electron microprobe and by XPS for the surface
(deduced from the intensities of the relevant XPS
peaks: Ni 2p, S 2p, and Ti 2p).
We brieﬂy remind the experimental STM results
and present the AFM ones. All the STM images of
the inserted compounds top sulfur planes (0 0 1)
do not depend on the polarization sign. Excellent
atomic resolution was obtained using )300 to 300
mV bias voltage and 0.1–3 nA tunneling current.
For Ni1=4 TiS2 , we notice two kinds of hexagonal structures (Fig. 1(a)) with lattices spacing of 2a
 is the unit cell parameter
and a (where a  3:4 A
of TiS2 ). They are respectively represented by
bright (25% of the image) and dark (75% of the
image) spots. The Fourier transform and the
height proﬁles, which exhibit two atom types, with
diﬀerent depths, conﬁrm these two kinds of hexagonal structure. These results are in agreement
with the crystallographic structure (diﬀerent sulfur
chemical environment in the inserted compound).
We can distinguish on the Ni1=4 TiS2 image two
diﬀerent and alternated atom rows: one is composed by similar brightness spots and the other
alternates bright and dark dots. Furthermore,
dark triangular shape zones are periodical all over
the image; the unit cell seems to be formed by two
triangular zones with diﬀerent brightness.
The STM scans for Fe1=4 TiS2 (Fig. 1(b)) show a
unique sulfur atom hexagonal structure, with lat, similar to TiS2 . The
tice spacing of 3:5  0:1 A
image exhibits bright and dark zones with no
speciﬁc symmetry or periodicity. No commensurate or ordered superstructure is observed. These
zones could be due to non-equivalent electrostatic
forces, which partially carry out the cohesion between planes and lead to a non-perfect ﬂat surface.
Thus, depending on the guest species inserted
STM analysis exhibit one or two types of sulfur
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Fig. 1. STM images and associated height proﬁles of Ni1=4 TiS2 (a) and Fe1=4 TiS2 (b).

atoms. Note that it could be surprising that the
sulfur atoms expected with the highest total electronic density [10] appear like dark spots in the
image, while bright spots are characteristic of
sulfur atoms with the lowest total electronic density. A speciﬁc electronic behavior is then expected
for the outermost layer composed by chalcogen
atoms.
The AFM images (Figs. 2(a) and (b)) only show
a coplanar 1  1 pattern typical of native TiS2 . The
force applied to the tip was the lower as possible in
order to avoid frictional forces induced by the
contact between the cantilever and the substrate.
All spots show the same contribution to the registered signal, according to the structure of our
compounds where the top layer consists on sulfur
) is in
atoms. The lattice parameter (3:4  0:1 A
good agreement with the crystallographic structure of (0 0 1) M1=4 TiS2 plane.
All the calculations were performed using the
periodic ab initio code CRYSTAL98 developed in
Turin [7,8]. The crystalline orbitals are expanded
in terms of localized atomic Gaussian basis set, in

a way close to the LCAO (linear combination of
atomic orbitals) method currently adopted for
molecules. The eigenvalues equations are solved at
the B3LYP level. The hybrid B3LYP functional
uses the BeckeÕs exchange [11] and Lee–Yang–
ParrÕs correlation functional [12]. The number of k
points in the ﬁrst irreducible Brillouin zone at
which the Hamiltonian matrix is diagonalized was
equal to 26 for both compounds. In order to reduce the computational cost, the Durand and
Barthelat eﬀective core pseudopotentials [13] were
used to model the core electrons of titanium, iron,
nickel and sulfur atoms. Valence basis sets already
optimized in early studies were adopted (PS-141G
for titanium [14], PS-2141G for nickel [15] and
iron [15] and PS-3-1G for sulfur [16]). In the
present work, the CRYSTAL98 code is linked to
an optimization code (PENTE) [17] developed in
our laboratory, which carries out the numerical
optimization of any parameter (geometrical parameters or basis set exponents) relative to the
total energy of the system (Newton–Raphson
method).
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Fig. 2. AFM images and associated height proﬁles of Ni1=4 TiS2 (a) and Fe1=4 TiS2 (b).

In order to interpret the AFM and STM experimental images, we investigate the structural
and electronic properties by simulating the

M1=4 TiS2 (0 0 1) surfaces by the slab model. Our
slab model includes seven monoatomic layers,
sulfur atoms being left at the top as shown in Fig. 3.

Fig. 3. Octahedral model for the M1=4 TiS2 slab.

Y. Tison et al. / Chemical Physics 290 (2003) 267–278

The bidimensional hexagonal unit cells (P3 layer
group) are built from the experimental lattice pa and
rameters of the bulk (P
3m1 with a ¼ 6:764 A


c ¼ 5:678 A for M ¼ Ni and a ¼ 6:836 A and
 for M ¼ Fe [1,2,18]). In the second
c ¼ 5:708 A
layer, one of the titanium atoms (Ti1 ) plumbs with
nickel metal atom and the three others (noted Ti2 )
are below or above the empty octahedral site of the
van der Waals gap. There are four types of sulfur
atoms: those on the top of the slab are only differentiated by their ﬁfth neighbors: three sulfurs
atoms (ﬁfth atomic layer) for SI1 and one metal
atom for SI2 ; in the third layer, SIII
2 atoms are coordinated to both metal and titanium atoms while
SIII
1 are only surrounded by titanium atoms.
3. Theoretical aspects to simulate STM and AFM
images
The analysis of electronic properties of (0 0 1)
M1=4 TiS2 plane (which is the cleavage plane of our
compound), associated with geometry optimization for a slab which consist of seven layers, will
allow us to propose in a ﬁrst approximation a
model of our images. We can remind that at relatively small bias voltage (in agreement with our
experimental conditions), and when the tip to
surface interaction is negligible, the nature of the
observed STM image is determined by two factors:
a geometrical factor, originating from the exponential decrease of atomic orbital amplitude with
distance, and an electronic factor. This last parameter is speciﬁed by the local density of ﬁlled or
empty (according to the polarization, negative and
positive, respectively) states at the Fermi level.
Because the contribution of the subsurface atoms
(titanium) or inserted species inﬂuenced the ﬁlled
or empty states at the Fermi level, interpretation
requires a theoretical (electronic and geometric)
approach to determine the relative contribution of
all atoms from the slabs to the main features of the
STM images.
In atomic force microscopy (AFM), long-range
attractive van der Waals forces and short-range
repulsive forces, resulting from the charge overlap
between the tip and the surface, act on the AFM
cantilever. In the contact mode of operation,
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which was employed in our study, the repulsive
forces thereby giving rise to the image contrast of
the surface primarily cause the deﬂection of the
cantilever. A brighter spot of the AFM image is
related to a stronger repulsive force the tip feels, a
greater charge overlap the tip makes with the
surface, and hence a higher electron density region
of the surface. Thus, the proﬁles of the inter
atomic repulsive forces (where all electrons of the
sample are involved) registered by AFM are expected to reproduce the topography of surface
atoms.
Therefore, to a ﬁrst approximation, the STM
and AFM images are, respectively, described by
the spatial electron density qðr; EF Þ and qðrÞ of the
sample (where r is the tip to surface distance)
which simulate ideal images expected in the absence of the tip sample interactions. STM and
AFM images of numerous layered or not materials
[19] were successfully analyzed on the basis of
calculated qðr; EF Þ and qðrÞ plots calculated. Note
that in STM, the origin 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
surrounding the Fermi level, images in positive
and negative polarization should represent the
structure formed by both chalcogen and metal
atoms. However, when the layered structure is
 apart the sulfur
considered, metal atoms are 1.5 A
ones. In terms of the tip, we have shown by experimental and theoretical works [20] conducted
on the mother compound TiS2 that the titanium
atoms are too far to participate in the tunneling
current and so, only the plane of sulfur atoms is
responsible for the image obtained.

4. Theoretical results and discussion
4.1. Geometry optimization and surface relaxation
In the optimization method, the vertical coordinates of the diﬀerent atoms have been taken into
account as an essential part of the relaxation
phenomena occurring at the surface. More particularly these parameters could have an appreciable inﬂuence on the STM images, as this
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instrument is very sensitive to the distance between
the tip and the surface. The contact mode in
Atomic Force Microscopy leads to minimize small
geometrical variations but it is still necessary to
know the altitudes of the top layer sulfur atoms.
The corresponding coordinates of the six nonequivalent atoms (see Fig. 3) in the unit cell have
been simultaneously optimized using the PENTE
program linked to the CRYSTAL98 code [17], the
metal layer being taken as a reference. To visualize
the interlayer relaxation, the altitudes of the different atoms in the relaxed slab compared to the
heights of the atomic planes in the unrelaxed slabs
are reported in Fig. 4.
Note that concerning surface relaxation, an
atom from the top plane has only neighbors in the
same plane and in the underneath one. Compared
to an atom from the bulk, it lacks a bonding force
in the normal direction z. Then, we can expect that
the last atomic planes are moved in this direction.
For example, the interlayer distances evaluated
from the average positions of the corresponding
atoms show a contraction of the two ﬁrst atomic
planes by about 3% and 0.3%, respectively, for
Fe1=4 TiS2 and Ni1=4 TiS2 and an expansion of the
two following ones by about 7% and 1% (respectively for Fe1=4 TiS2 and Ni1=4 TiS2 ). The diﬀerent
order of magnitude for both compounds has a
great eﬀect over bond overlap populations depending on the guest species inserted and on
electronic surface properties. These phenomenons
are discussed below. More precisely and concern-

ing the top anionic plane directly responsible of
our experimental results, both SI1 and SI2 atoms
have almost the same coordinates in Fe1=4 TiS2 . In
the case of Ni1=4 TiS2 , the SI1 atoms move away
 compared to the
outwards the top layer by 0.05 A
I
S2 ones.
It could be now interesting to link geometrical
optimization to bond overlap population and
compared with the 3D characteristics of our
compounds (Table 1). In the Fe1=4 TiS2 slab, the
Ti1 –SIII
bond population (0:086 e ) becomes
2
weaker respective to the Ti1 –S2 bond in the bulk
(0:116 e ) in relation with the corresponding in (note that S2 and S1
creasing distance by 0.133 A
are relative to sulfur atoms in bi- and monometallic environments, in the bulk). On the other
hand, the decreasing of the Ti1 –SI2 distances
) has to be connected with the increase
()0.150 A
of the corresponding bond overlap population
(0:169 e ) respective to the 3D compound
I
(0:116 e ). The Ti2 –SIII
2 and Ti2 –S2 bond populations are less aﬀected by the transition to the slab
(+0.124 and +0.118 e instead of 0.115 e for the
3D system), the diﬀerence between the corresponding distances being less modiﬁed (+0.026
, respectively). The Ti2 –SI and
and +0.004 A
1
III
Ti2 –S1 bond populations (0:133 e and 0.130 e )
have almost the same value as the Ti2 –S1 in the
bulk (0:134 e ) or in TiS2 (0:133 e ) [10]. The
same comments are available for Ni1=4 TiS2 slab
but the variations of the bond overlap populations
are less important. In all cases (2D and 3D

Fig. 4. Schematic optimized altitudes of the diﬀerent atoms compared to the heights of the atomic planes in the unrelaxed slabs (on the
.
z-axis) in (1 1 0) planes for Ni1=4 TiS2 (a) and Fe1=4 TiS2 (b). All values are given in A
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Table 1
Total atomic valence charges and bond overlap population resulting from a Mulliken population analysis in Fe1=4 TiS2 and Ni1=4 TiS2
) are in parenthesis
both bulk and slab. The corresponding bond lengths (in A
Bulka

Slabb

Ni1=4 TiS2

Fe1=4 TiS2

S1

)0.41

)0.43

S2

)0.47

)0.52

Ti1
Ti2
M
Ti2 –S1

+0.74
+0.85
+0.38
0.136 (2.414)

+0.73
+0.89
+0.58
0.134 (2.435)

Ti2 –S2

0.123 (2.414)

0.115 (2.435)

Ti1 –S2

0.124 (2.414)

0.116 (2.435)

M–S2

0.073

0.069

SI1
SIII
1
SI2
SIII
2
Ti1
Ti2
M
Ti2 –SIII
1
Ti2 –SI1
Ti2 –SIII
2
Ti2 –SI2
Ti1 –SIII
2
Ti1  SI2
M–SIII
2

Ni1=4 TiS2

Fe1=4 TiS2

)0.37
)0.45
)0.35
)0.50
+0.75
+0.81
+0.42
0.136
0.132
0.118
0.136
0.117
0.140
0.066

)0.40
)0.45
)0.39
)0.56
+0.80
+0.84
+0.78
0.133
0.130
0.124
0.118
0.086
0.169
0.067

(2.416)
(2.442)
(2.405)
(2.407)
(2.431)
(2.381)

(2.421)
(2.440)
(2.409)
(2.439)
(2.568)
(2.285)

a

Symbols Ti1 , Ti2 , S1 , S2 are attached to the M1=4 TiS2 bulk. S2 atoms are coordinated to metal and titanium atoms while the S1
atoms have only titanium as ﬁrst neighbors. In all cases Ti1 is the titanium atom plumbing with metal atom and the Ti2 atoms are
below or above the empty octahedral site of the van der Waals gap.
b
III
The symbols SI1 , SI2 , Ti1 , Ti2 , SIII
1 , S2 refer to the non-equivalent atoms in the slab as deﬁned in Fig. 3.

compounds), the bond between the guest metal
atom (Ni or Fe) and one of its ﬁrst sulfur neighbors has a partially covalent character, as shown
by the values of the corresponding bond overlap
populations (around 0:07 e for the four cases).
Then we can conclude that the insertion of the
metal atom in the van der Waals gaps leads to the
loss of the two-dimensional characteristic of the
mother compound TiS2 .
4.2. Analysis of the total electronic density: interpretation of AFM images
At a ﬁrst approximation, the interpretation of the
AFM images needs the analysis of the total electronic density at the outermost surface of the slab.
The atomic net charges of the SI1 and SI2 atoms resulting from a Mulliken population analysis (Table
1) at the B3LYP level are almost the same, in the two
cases (0:37 e and 0:35 e in Ni1=4 TiS2 and
0:40 e and 0:39 e in Fe1=4 TiS2 ). Note that
for the SI1 and SI2 atoms, the repartition of the valence electrons in the 3s, 3px , 3py and 3pz orbitals
reported in Table 2 is very similar both for the two
types of sulfur atoms and in the two compounds. In
both cases, the top layer sulfur atoms exhibit a

Table 2
Repartition of the valence atomic electron charge (C) of the top
layer sulfur atoms into the 3s, 3px , 3py and 3pz atomic orbitals
Ni1=4 TiS2

C
3s
3px
3py
3pz

Fe1=4 TiS2

SI1

SI2

SI1

SI2

6.367
31.2%
22.8%
22.8%
23.0%

6.351
31.2%
23.1%
23.1%
22.6%

6.396
31.0%
23.1%
23.1%
22.8%

6.394
30.9%
23.2%
23.2%
22.6%

speciﬁc behavior in comparison with the 3D systems. The net charges of sulfur atoms in the bulk are
more diﬀerentiated (0:41 e and 0:47 e in
Ni1=4 TiS2 and 0:43 e and 0:52 e in Fe1=4 TiS2 ).
Note that in the slab, the diﬀerence between the net
III
charges of SIII
1 and S2 atoms is similar to the bulk,
which is consistent with a speciﬁc behavior of anions
from the last atomic plane.
Furthermore, the total electron density maps
computed in the (1 1 0) plane are reported in Figs.
5(a) and (b) for M ¼ Ni and Fe, respectively. These
maps exhibit similar characteristics. They can only
be diﬀerentiated by the isodensity curves around
the guest metal. The spherical behavior of the
total electronic density around Ni conﬁrms the
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Fig. 5. Total charge density map of the Ni1=4 TiS2 (a) and Fe1=4 TiS2 (b) slabs plotted for the (1 1 0) plane.

quasi-isotropic distribution of the valence electrons in the 3d orbitals (1.80 e for 3dz2 , 1.81 e for
3dxz and 3dyz , 1.85 e for 3dxy and 3dx2 y 2 ). The
distortion observed around the Fe atom can also
be related to the electronic populations of the 3d
orbitals (1.79 e for 3dz2 , 1.12 e for 3dxz and 3dyz ,
1.41 e for 3dxy and 3dx2 y 2 ). Clearly, the nature of
the guest specie (Ni or Fe) does not directly aﬀect
the total electronic density of the sulfur atoms
at the surface of the slab, in contrary to the bulk
behavior. This feature associated with slight variations of the sulfur atoms altitudes explain that the
AFM images recorded in contact mode exhibit
similar characteristics.
However, some interesting diﬀerences are noticed when considering the dipole and quadrupole
moments of the top layer sulfur atoms along the
direction perpendicular to the slab (reported in
Table 3). This type of analysis has already been
successfully used in the study of LiH [21] or BeO
slabs [22]. The atomic multipoles are deﬁned by
partitioning the electron charge distribution acTable 3
Total dipole (Dz ) and quadrupole moments (Qz ) (in 103 a.u.)
perpendicular to the surface of the top layer sulfur atoms
Ni1=4 TiS2

Dz
Qz

Fe1=4 TiS2

S1I

S2I

S1I

S2I

+95.15
)204.00

79.17
)32.42

+70.85
)115.40

+74.47
+48.15

cording to the Mulliken scheme. For a general
atom A, the multipole moment cA ð1; mÞ is deﬁned
by
XXX
g
cA ðl; mÞ ¼
Plm
hv0l jXlm jvgm i;
l2A

v0l

vgm

m

g

where and are the lth and mth atomic orbitals
in the cells 0 and g, respectively. Xlm is the spherical
harmonic corresponding to ðl; mÞ quantum numg
bers and Plm
is an element of the ﬁrst-order density
matrix P. The dipole Dz (z; cS ð1; 0ÞÞ and the quadrupole Qz ð2z2  x2  y 2 ; cS ð2; 0ÞÞ moments of the
top layer atoms permit to compare the deformation
of the SI1 and SI2 electronic clouds in the normal direction to the slab (Table 3). The dipole moment is
taken relative to the nuclear position. In both cases,
the top layer sulfur atoms show a positive dipole
moment, which corresponds to a displacement of
the electron charge towards the interior of the surface. This is consistent with the results obtained
from the geometry optimization where the two ﬁrst
planes exhibit a contraction for both compounds.
Such a displacement is essentially due to the attraction exerted by the underlying titanium atoms,
whose dipole moments Dz are negative, showing an
opposite motion of their electron charges towards the slab. The diﬀerent order of magnitude of
Dz for Ti1 and Ti2 between Fe1=4 TiS2 (Dz ðTi1 Þ ¼
0:196 a:u: and Dz ðTi2 Þ ¼ 0:025 a:u:) and Ni1=4
TiS2 (Dz ðTi1 Þ ¼ 0:100 a:u: and Dz ðTi2 Þ ¼0:083
a:u:) could be related to the geometrical optimiza-
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tion (Fig. 4) of the corresponding atoms for the two
inserted compounds.
For Ni1=4 TiS2 , the SI2 dipole moment (0.079 a.u.)
is smaller than the SI1 one (0.095 a.u.) by 18%. On
the other hand, for Fe1=4 TiS2 , the dipole moments
of the two types of sulfur atoms (0.071 and 0.074
a.u. for SI1 and SI2 , respectively) are almost the same
and of the same order of magnitude as the SI2 one in
Ni1=4 TiS2 . Note that whatever the considered sulfur
atoms, the Dz component is the most important one
~ . For the SI atoms, D
~
of the total dipole moment D
1
is directed along the z direction, the other components being equal to zero. For the SI2 type of atom,
Dz represents 99.2% and 99.9% of D for M ¼ Fe
and M ¼ Ni, respectively, leading to respective
~ and the Oz direction.
angles of 7° and 3° between D
Besides these small displacements of the electron
charges, the deformation occurring in the shape of
the electron distribution are quantiﬁed by the
quadrupole moment. The negative values of the
quadrupole moment component perpendicular to
the slab for the SI1 atoms in the two compounds
imply an elongation undergone by their electron
clouds in this direction. The SI1 quadrupole moment is two times smaller in Fe1=4 TiS2 ()0.115 a.u.)
than in Ni1=4 TiS2 ()0.204 a.u.) indicating that the
deformation of the electron cloud for this type of
atom is more important in the Ni case. The SI2 atoms are less aﬀected by this type of deformation.
They undergo a slight squeezing in the z direction
and in the xOy plane, respectively, for Ni1=4 TiS2
(Qz ¼ 0:032 a.u.) and Fe1=4 TiS2 (Qz ¼ þ0:048
a.u.), in agreement with a shorter distance Ti1 –SI2 in
Fe1=4 TiS2 .
All these modiﬁcations of the electronic behavior highlighted by the multipolar analysis are
not revealed by repulsive forces detection (contact
AFM). The tip to surface interaction is too strong
(even if the force applied to the tip was the lower
as possible to detect such diﬀerences).
4.3. Analysis of the electronic density DE ¼ 0:3 eV
above the Fermi level EF : interpretation of the STM
image
The vertical coordinates of the SI1 and SI2 atoms
are quasi the same, implying, in the interpretation
of the STM image of Fe1=4 TiS2 , an almost negli-
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gible inﬂuence of the geometrical factor originating from the exponential decrease of atomic
amplitude with distance, On the contrary, for
Ni1=4 TiS2 , the geometrical factor contributes to the
diﬀerentiation between the two types of sulfur
atoms suggesting more luminosity for SI1 atoms
on the STM image. However, it is still necessary
to consider the electronic factor by analyzing the electronic density qðr; EF ) at the Fermi
level (in practice, 0.3 eV below EF ), for both
compounds.
The projected DOS in the interval [EF  0:3; EF ]
corresponding to each type of top sulfur atoms in
Ni1=4 TiS2 and Fe1=4 TiS2 (slab and bulk) are reported in Fig. 6. For both systems in the slabs, the
SI1 contribution to electronic density below EF is
higher than the SI2 one (Figs. 6(a) and (c)). In this
energy interval, the integrated densities for the
projected DOS (Table 4) show that these two types
of sulfur atoms are less diﬀerentiated for M ¼ Fe
than M ¼ Ni. This diﬀerence is essentially due to
the predominant pz character of the SI1 density in
the last ﬁlled bands (63% for M ¼ Fe and 75% for
M ¼ Ni). However, for M ¼ Fe, the SI2 density
exhibits also an important pz character (58%), but
weaker than for the SI1 atom. For M ¼ Ni, the
participation of pz to the SI2 density is reduced to
46%, the py (or px ) one being equal to 31%.
On the other hand, for the 3D systems, the two
curves (Figs. 6(b) and (d)) representing the projected DOS for each type of sulfur atom are nearly
the same and the two types of sulfur atoms (S2 and
S1 ) cannot be diﬀerentiated by their respective
contribution to the electronic density around the
Fermi level.
Furthermore, the electron charge density maps
implemented in the interval [EF  0:3; EF ] and
projected in the (1 1 0) plane for both compounds
(Figs. 7(a) and (b)) conﬁrm these features. The
predominant pz character of the SI1 density is
conﬁrmed in both cases. Moreover, the diﬀerence
between the two compounds in the directional effect relative to the SI2 top layer atoms appears very
clearly. These maps underline the diﬀerences observed for the contribution of titanium sublayer
atoms to qðr; EF Þ. Particularly, the contribution of
Ti1 atoms is completely diﬀerent. In Fe1=4 TiS2 , the
electronic density of Ti1 atom (0:10 e ) has an
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Fig. 6. Projected DOS plotted in the energetic window [EF  0:3 eV; EF ]: (a) for the top layers SI1 and SI2 sulfur atoms in the Ni1=4 TiS2
slab; (b) for the S1 and S2 sulfur atoms in the Ni1=4 TiS2 bulk; (c) for the top layers SI1 and SI2 sulfur atoms in the Fe1=4 TiS2 slab; (d) for
the S1 and S2 sulfur atoms in the Fe1=4 TiS2 bulk.

Table 4
Integrated densities of the atomic projected DOS in the interval
[EF  0:3; EF ] for the slabs
SI1
SI2
Ti1
Ti2
SIII
1
SIII
2
M

Fe1=4 TiS2

Ni1=4 TiS2

0.05
0.02
0.10
0.22
0.01
0.01
0.19

0.07
0.03
0.05
0.06
0.02
0.04
0.61

important dz2 character (45%). The contribution of
these atoms in Ni1=4 TiS2 is two times lower than
for M ¼ Fe and corresponds to an hybridization
dominated by the 3dxz and 3dyz orbitals (32%).
Consequently, the interactions Ti1 –SI2 are diﬀerent
according to the nature of the inserted specie,
leading to a more important indirect contribution

of the Ti1 atoms to the electronic density detected
by the tip at the SI2 atom, for M ¼ Fe.
The study of the atomic dipole Dz ðEF Þ computed in the interval [EF  0:3; EF ] permits to reﬁne
the analysis of qðr; EF Þ. In both compounds, the
top layer sulfur dipoles are negative, corresponding to a displacement of the electron charge towards the exterior of the surface and an elongation
of the corresponding electron clouds. This Dz ðEF Þ
orientation at the Fermi level opposite to the one
previously reported for the total dipole moments
conﬁrms the speciﬁc behavior (antibonding) of the
electrons in the last ﬁlled bands compared to those
of the valence bands. In both cases the SI1 dipole
moments ()0.0739 and )0.0703 a.u. for M ¼ Ni
and Fe, respectively) which are greater than the SI2
ones underline also the predominant z character of
the SI1 electronic density. The values of the SI2 dipole moment ()0.0303 and )0.0142 a.u. for
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Fig. 7. [EF  0:3 eV; EF ] charge density map of the Ni1=4 TiS2
(a) and Fe1=4 TiS2 (b) slabs plotted for the (1 1 0) plane.
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M ¼ Fe and M ¼ Ni, respectively) conﬁrm that the
electronic density detected by the tip for these
atoms is more important for Fe1=4 TiS2 , which
minimize the diﬀerentiation between the types of
sulfur atoms for this material. Note that the relatively important value of the Ti1 quadrupole moment in Fe1=4 TiS2 ()0.039 a.u.) compared to this in
Ni1=4 TiS2 (+0.0002 a.u.) conﬁrms the (indirect)
participation of these atoms to the electronic
density detected by the tip at the SI2 atom for
M ¼ Fe. It is clearly highlighted by the electronic
charge density maps projected in the (1 1 0) plane
for M ¼ Fe (Fig. 7(b)), conﬁrming the elongation
of the corresponding electron cloud in the z direction and inﬂuencing SI2 atoms.
Then, for Fe1=4 TiS2 , we have shown that the
nature of the interaction Ti1 –SI2 in the interval
DE ¼ 0:3 eV below the Fermi level reduces considerably the diﬀerentiation of the SI1 and SI2 atoms. The electronic density detected by the tip at
the SI2 level is increased by the participation of the
dz2 ðTi1 Þ orbitals. The geometrical optimization is
essential to traduce the inﬂuence of the interaction
Ti1 –SI2 (the distance between these atoms is re by the surface relaxation). Howduced by 0.15 A
ever, it is not possible to distinguish brightness

 above the top sulfur layer of the Ni1=4 TiS2 slab (a). The
Fig. 8. [EF  0:3 eV; EF ] charge density map plotted for the (1 1 0) plane, 0.5 A
Ni1=4 TiS2 map is compared to the experimental zoomed STM image (b).
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diﬀerences due to electronic densities variations
detected by the tip even if the SI1 electronic density
appear slightly more important than the SI2 one, in
accordance with the previous analysis of the projected atomic DOS.
For Ni1=4 TiS2 , both geometrical and electronic
factors contribute to diﬀerentiate the SI1 and SI2
atoms in accordance with the STM image. To
simulate the STM images, the electron density maps
 above the top sulfur layer,
in the (0 0 1) plane, 0.5 A
are computed around the Fermi level (see Fig. 8(a)).
As expected, the diﬀerentiated SI1 and SI2 atoms
(both geometrically and electronically) correspond
respectively to the bright and dark spots observed
on the image of Ni1=4 TiS2 (Fig. 8(b)). Furthermore,
the two triangular zones with diﬀerent brightness
are clearly identiﬁed and as in the STM image
three SI1 sulfur atoms delimit each of them.
5. Conclusion
A biperiodical approach within the periodic
LCAO-B3LYP approximation was necessary to
account for the STM and AFM images of
Mi1=4 TiS2 (M ¼ Fe, Ni) surface compounds. Both
experimental results obtained from diﬀerent
probes were interpreted on the basis of the partial
electron density qðr; EF Þ-STM – and total electron
density qðrÞ-AFM – of a slab which consists of
seven (0 0 1) M1=4 TiS2 atomic layers.
The same sulfur hexagonal lattices revealed by
atomic force microscopy data for Fe and Ni1=4 TiS2
are consistent with the total electron density maps
computed in the (1 1 0) plane to visualize the
electronic contribution of each chalcogen atoms.
However, some interesting diﬀerences concerning
the top sulfur layers were highlighted by both the
geometrical optimization and the multipolar
analysis. A speciﬁc behavior of sulfur atoms from
the slab compared to the bulk ones is shown.
The diﬀerentiation of the two types of sulfur atoms evidenced experimentally by STM analysis on
Ni1=4 TiS2 was explained in terms of diﬀerent directional electronic contributions at the Fermi level
(density of states, z dipole and quadripole moments)
and geometrical factors. The order of magnitude of
these diﬀerences are clearly lower for Fe1=4 TiS2 ; the

titanium subsurface atoms appears responsible via
the inserted species (Fe) to the reduction of the
brightness diﬀerences detected by the tip.
The model used seems suitable in this case to
interpret both STM and AFM images. This work
shows the necessary complement between both
experimental and theoretical approaches to understand accurately the surface electronic structures of these compounds.
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