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Abstract
Electronic structure of the TiSe2 dichalcogenide intercalated with V and 
substitutionally doped Ti1-xVxSe2 have been studied using soft X-ray 
photoelectron, resonant photoelectron and absorption spectroscopy. In the 
case of the substitution of Ti by V the formation of the coherently oriented 
structural fragments VSe2 and TiSe2 is observed and a small charge 
transfer between these fragments is found. The intercalation of the V 
atoms into the TiSe2 leads to the charge transfer from the V atoms to the 
Ti with the formation of covalent complexes Ti-Se3-V-Se3-Ti.

Introduction
Quasi-two-dimensional materials based on titanium dichalcogenides have attracted 
attention in the last decades. These materials demonstrate superconductivity1, a 
state with a charge density wave2, spin polarization3. The crystal structure of these 
materials consists of Ch-Ti-Ch layers, where Ch is S, Se, Te. These Ch-Ti-Ch 
layers are usually called a “sandwich”. The interaction between the atoms within 
the "sandwich" is strong, whereas the chemical bond between "sandwiches" is 
weak (it is historically called van der Waals bond). The interlayer gap between the 
"sandwiches" is also called the van der Waals gap. This weak chemical bond 
between sandwiches allows the intercalation of various atoms or molecules into the 
van der Waals gap4. It can significantly modify the electronic structure of the host 
material.

Another way to change the electronic structure, without a critical change in the 
crystal structure, is the substitution of the titanium atom directly in the host lattice 
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by another atom with an ionic radius of similar size. The substitution of Ti by V is 
a good choice in the case of TiSe2. The physical properties5 and the crystal 
structure6 of TiSe2, intercalated with vanadium, have been studied previously. The 
compounds with the substitution of the Ti by V are more widely studied: physical 
properties7,8

,  crystal7,9 and electronic structure9 of these compounds have already 
been studied. The starting materials TiSe2 and VSe2 have been studied for a long 
time10,11,20,12–19. A comparative analysis of the electronic structure of the 
compositions with substitution and intercalation has not been performed yet.

The vanadium atom has an electronic configuration of 3d34s2, whereas the 
configuration of the titanium atom is 3d24s2. So, V has an extra electron after four 
electrons are used to fill the 4p level of two Se atoms. This electron will be either 
localized around the doping V atom or delocalized in the Ti 3d band depending on 
the relative energies of the different states.

The available data for the intercalation compounds are deficient. The vanadium 
atoms occupy the octahedral positions of the interlayer space 6. Therefore, the V 
atoms are coordinated by the chalcogen, similarly to the titanium atoms, which can 
be substituted by the vanadium. The fundamental difference is in the composition 
of the second coordination sphere. For intercalated vanadium atom, the neighbors 
in the second coordination sphere along the c-axis are titanium atoms, while in 
case of substitution the second coordination sphere of V along the c-axis contains 
vacant positions  (due to the van der Waals gap). Therefore, the hybridization of 
the V 3dzz with Ti 3dzz states can be expected in case of intercalated vanadium. In 
case of substitution atomic-like nature can be expected because contact Tixy and 
Tixx-yy orbitals are empty.

We propose two modifications of the crystal structure at the vanadium 
introduction, which model structures are shown in Fig.1. The model crystal 
structures in the case of intercalation and substitution of vanadium are shown in 
Fig. 1, left and right panels, correspondingly.
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Figure 1. The model crystal structure for the intercalated (left) and substitution (right) 
compounds.

In this work we studied different influence of TiSe2 doping with vanadium on the 
electronic structure of TiSe2 depending on the type of doping. The intercalation of 
vanadium (VxTiSe2) was performed for the first time. The substitution of Ti by V 
(Ti1-xVxSe2) was performed previously9, in these work we compare those data with 
new ones obtained with better quality. The electronic structure of these materials 
was studied using the X-ray photoelectron spectroscopy (XPS), resonant 
photoelectron spectroscopy (ResPES) and X-ray absorption spectroscopy (XAS).

Experiment
Single crystal samples were grown in sealed quartz ampoules using the gas-
transport reaction technique21. The titanium (after iodine purification, 99.95%), 
vanadium (99.95%) and selenium (OSCh19-5, 99.999%) were used as starting 
materials. Synthesis was carried out in sealed quartz ampoules evacuated to 10-5 
torr. The synthesis procedure was described in more detail elswhere22. We 
managed to grow single crystals with the following compositions: i) Ti0.9V0.1Se2, 
Ti0.28V0.83Se2, Ti0.17V0.9Se2 (substitionally doped) and ii) V0.04TiSe2, V0.08TiSe2 
(intercalation compounds). 

The single crystals of VxTi1-xSe2 were grown using gas-transport reaction 
technique in evacuated sealed quartz ampoules of 12 - 15 cm length with iodine as 
a carrier gas. The ampoule was placed into the furnace with nearly linear 
temperature gradient with the temperatures of 1000 oC on the hot end and 400 oC 
on the cold end. The charge of the homogenized material was at a temperature of ~ 
900 oC, and the mass transfer was from the hot end to the cold end. The VxTi1-xSe2 
single crystals were grown at temperatures of 600 - 700 oC and the chemical 
composition of the crystals always corresponded to that of the charge.  

The structure and phase purity of the powder TixVySe2 samples were studied using 
X-ray powder diffraction technique (XRD) in the Institute of Metallurgy UrD 
RAS, CUC “Ural-M” using diffractometer Shimadzu XRD 7000 Maxima (Cu Kα 
radiation, graphite monochromator). The models of the crystal structure of the 
VxTi1-xSe2 9 and VxTiSe2 6 has been published earlier. 

The intercalated VxTiSe2 single crystals were grown at the same conditions, but the 
crystals were formed at the hot side of the ampoule at the temperatures of 900 - 
950 oC. At the same time, the crystals of VxTi1-xSe2 with different Ti and V 
concentrations were formed on the cold end of this ampoule. The chaotic variation 
in composition makes these crystals inappropriate for the further systematic 
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investigation. The chemical composition of the VxTiSe2 crystals was limited by the 
low concentrations of the intercalated vanadium. It should be noted that we didn't 
observe the formation of the TiSe2 crystals on the hot end of the ampoule during 
the growth of the intercalated VxTiSe2 crystals. 

The chemical composition was determined using X-ray fluorescence analysis on a 
JEOL-733 spectrometer. It should be noted that the stoichiometry of the metal 
atoms in V-substituted TiSe2 exceeds 1, i.e. (Ti + V): Se > 1:2. This means that in 
these materials slight intercalation of metal atoms in addition to the dominant 
substitution of Ti by V can occur.

More successful growth of the Ti1-xVxSe2 single crystals in comparison with 
VxTiSe2 single crystals indicates that the position of vanadium in the regular lattice 
is more stable than in the interlayer space. This means that in substitution 
compounds with an excess of metal ((Ti + V): Se > 1:2) most likely titanium is in 
excess and occupies the positions in the interlayer space.

In order to prove this model of crystal structure, we performed a neutron 
diffraction study of the V0.6Ti0.6Se2 powder sample using high-resolution Fourier 
diffractometer (HRFD) 23 at the IBR-2 pulsed reactor in Dubna, Russia. The 
neutron diffraction patterns were analyzed by the Rietveld method with the aid of 
the FullProf software package 24. A model of the trigonal crystal structure 
described with the space group P-3m1 (№164) 25 has been used to fit the neutron 
diffraction patterns. Visualization of the best fit result for V0.6Ti0.6Se2 is shown in 
the Supplementary. The refined values of the unit cell parameters and atomic 
coordinates are shown in table 1. As one can see from table 1, a slightly non-
random cation distribution between layers in the sandwich-like structure was 
proved by the neutron diffraction. Ti ions preferentially occupy 1b Wyckoff site 
between the Ch-M-Ch layers while V ions preferentially occupy 1a Wyckoff site 
inside of Ch-M-Ch layers. The similar behavior was previously reported for 
Fe7−yMyX8 chalcogenides (X = S, Se; M = Ti, Co) 26.

Таблица 1. Atomic coordinates, site occupancies, unit cell parameters and 
corrected for background agreement factors obtained for V0.6Ti0.6Se2. 

Atom x(x) y(y) z(z) Occupancy

Ti(1a) 0 0 0 0.45(1)

V(1a) 0 0 0 0.54(1)
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Ti(1b) 0 0 1/2 0.13(1)

V(1b) 0 0 1/2 0.06(1)

Se(2d) 1/3 2/3 0.2585(2) 1

Unit cell: a=3.52686(3) Å, c=5.98026(5) Å

Agreement 
factors:

2 = 2.3, RB = 12.9%, Rwp=9.1%, Rexp=6.2%

Refined stoichiometry: V0.60(2)Ti0.58(2)Se2

The XPS, XAS and ResPES spectra of TixVySe2 were obtained at room 
temperature (RT) on the BACH beamline 27of the Elettra synchrotron facility 
(Trieste, Italy). All of the samples were cleaved at RT in a vacuum chamber in a 
pressure better than 1×10-9 Torr. The purity of the surface was confirmed by the 
absence of oxygen and carbon peaks in the survey spectra. The photon energy 
resolution was set to 0.1 eV at Ti L-edge and 0.15 eV at V L-edge, respectively. Ti 
and V L2.3 XAS were performed in total electron yield mode and calibrated using 
the corresponding absorption spectra of the pure metals. Photoemission spectra 
were measured with a Scienta R3000 electron energy analyzer at normal emission 
with an energy resolution better than 0.25 eV. Binding energies were calibrated to 
the Au 4f7/2 signal from a clean gold foil (EB (4f7/2) = 84.0 eV). All the core-level 
XPS spectra were measured at a photon energy of 602 eV.

Multiplet calculations of the V absorption spectra were performed using the 
program ctm4XAS 28. The calculation parameters are listed in Table 2. The Slater 
parameter determines the change in Slater integrals contribution that corresponds 
for the compounds under discussion to the change in the ratio of covalent and ionic 
components in a chemical bond. The10Dq parameter determines the splitting in the 
crystal field. The SO parameter determines the spin-orbit splitting. The  
parameter is the charge transfer energy or the energy between 3dn and 3dn+1 states. 
The Upd parameter determines the value of the hole potential (describes the 
interaction between d electron and core 2p hole). The eg and t2g parameters 
determine the hybridization of corresponding orbitals. It should be noted that the 
parameters resulting from the calculation are only adjustable parameters; therefore, 
we can estimate only the change of the physical properties rather than the exact 
quantitative values.
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Table 2. Multiplet Calculation Parameters for V+4 

Sample Slater, % 10Dq, eV , eV Udd-Upd, eV S-O, % eg, eV t2g, eV

VSe2 50 1.15 3 4.5 104 2.4 1.1

Result and discussion

XPS

Figure 2. Left panel: XPS Se 3d core level for TixVySe2. Right panel: XPS Ti 2p core level for VyTixSe2.

The Se 3d core level spectra are shown in Fig. 2 (left panel). Most of the spectra 
have the same shape and energy position and are in agreement with our previous 
results9. The only spectrum which shape differs from the others is one for 
V0.08TiSe2. It appears to have a shoulder on the higher binding energy side. This is 
caused by the presence of two nonequivalent crystallographic positions of 
selenium with different local environment 29,30. 

The Ti 2p core level spectra are shown in Fig. 2 (right panel). The shape of all the 
spectra is nearly the same. At high concentration of substitutional vanadium, an 
energy shift of 0.2 eV of the spectra toward the low binding energies is observed, 
which also coincides with previous results9. At the same time, the spectra for the 
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materials with intercalated vanadium are slightly shifted toward high binding 
energies.

For the V0.08TiSe2 compound a considerable broadening of the Ti 2p spectrum is 
observed. We have already observed a similar broadening for MnxTiSe2 31 and 
FexTiSe2 

32 systems with respect to TiSe2 previously. The reason for this 
broadening is the formation of two unequivalent crystallographic positions of 
titanium atoms: with or without vanadium atom in the second coordination sphere. 

XAS
The Ti L2.3 XAS spectra are shown in Fig. 3 (left panel). 

Figure 3. Left panel: Ti L2,3 XAS for TixVySe2 (1. TiSe2; 2. Ti0.9V0.1Se2; 3. Ti0.28V0.83Se2; 4. 
Ti0.17V0.9Se2; 5. V0.04TiSe2; 6. V0.08TiSe2;). Right panel: V L2,3 XAS for TixVySe2 (1. Ti0.9V0.1Se2; 
2. Ti0.28V0.83Se2; 3. Ti0.17V0.9Se2;4. VSe2; 5. V0.04TiSe2; 6. V0.08TiSe2;).

A change in the energy position for A and B peaks is observed only for the 
compound with the highest content of the intercalated vanadium (x = 0.08). The 
distance between these peaks for this compound is the lowest as compared to other 
compounds. This behaviour indicates33 the increase in the covalent contribution to 
the chemical bond between titanium and the nearest environment and, 
consequently, the formation of the Ti-V-Ti covalent centres.

The V L2.3 XAS spectra are shown in Fig. 3 (right panel). The energy position of 
the spectra and their shape is almost the same for all the compounds with 
vanadium substitution and are similar to the spectrum for VSe2. The increase in the 
vanadium content leads to a slight shift (~ 0.1 eV) of the spectra toward the high 
photon energies. The intensity of the A peak also slightly increases with vanadium 

Page 7 of 18

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



content. The vanadium intercalation in VxTiSe2 leads, vice versa, to a shift of V 
L2.3 toward the low photon energies. The energy shift is of 0.28 eV for V0.04TiSe2 
and of 0.52 eV for V0.08TiSe2. 

The result of the V L2.3 multiplet calculation for VSe2 is shown in fig. 4.

Figure 4. V L2.3 XAS multiplet calculation for VSe2 (V4+). Solid line - experimental spectrum, 
dashed line - calculation. 

The A-B peak separation in V L2.3 XAS is mainly determined by the value of the 
multiplet splitting 10Dq, as it is for the same peak in Ti L2.3 XAS. In a similar way 
to Ti L2.3 spectra, we can assume that the decrease of the A-B peak distance in V 
L2.3 XAS is due to the increase of the covalent contribution to the chemical bond 
between vanadium atom and the nearest environment. 

Valence band spectra
Fig. 5 shows the valence band (VB) spectra for the TixVySe2 samples. All of the 
spectra have similar shape. The main maximum in the binding energy range of 0 - 
6 eV contains M, N, Q and T peaks and is due to the hybridization of the metal 3d 
and Se 4p states. Se peak in the range of 12-14 eV is a Se 4s peak. These 5 peaks 
are the same as for the undoped TiSe2 33. The main difference in the spectra is in 
the intensity of the R peak, which energy is directly below the Fermi level. The 
intensity of resonant peak for the substitutional compounds with high V content is 
higher than that in ref.9 due to the better resolution of the VB spectrum. For VSe2 
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this peak can be only due to V 3d states, but for another compounds the Ti 3d 
states may also give a contribution into this peak. 

Figure 5. VB spectra for TixVySe2

To separate the contributions from Ti and V into the R peak the resonant 
photoelectron spectra were obtained.

ResPES
Element-specific information about the energy localization of the electronic states 
can be obtained by resonant photoelectron spectroscopy 34–38.

The VB spectra for Ti0.9V0.1Se2 obtained in the Ti 2p-3d resonant excitation mode 
are shown in fig. 6, upper panel, as an example. From left to right are shown: 
experimental VB spectra obtained at different excitation energies, difference 
spectra after processing 39, Ti L2.3 XAS with excitation energy scale (it corresponds 
to the photon energy for XAS). The coloured area in the central part of the upper 
panel clearly shows the intensity of the difference valence band spectra. Lower 
panel of the Fig. 6 shows Ti 2p-3d ResPES spectra for all of the studied samples 
after additional processing 39 overlaid with the corresponding Ti L2.3 XAS.
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Figure 6. Upper panel:  Ti 2p – 3d ResPES for Ti0.9V0.1Se2. The difference spectra, which were 
obtained by the method described in Ref. 39, are shown in the central part of the panel in the form 
of an image plot. Lower panel: VB spectra obtained in Ti 2p-3d resonant excitation mode after 
additional processing. The VB spectra are overlaid with corresponding Ti L2.3 XAS.

Ti 2p-3d ResPES spectra for the compounds with vanadium substitution have the 
similar structure. Two main regions are visible for the compounds with low 
(x<0.5) vanadium content. There are two regions for the samples with low 
vanadium concentrations, where the resonant peak is visible. These regions 
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coincide with the peaks on the Ti L2.3 XAS (A and B peaks in Fig. 3). The intensity 
of the R resonant peak is less than that of RRAS (resonant Raman Auger 
scattering). For the VxTi1-xSe2 samples with high vanadium concentrations (x≥0.5) 
the intensity of the R peak comes up to that of RRAS and is further independent on 
the vanadium content (see Fig. 7). It should be noted that the overall intensity of 
the spectra (Fig. 6) decreases due to the decrease of the vanadium concentration. 
For the intercalation compounds VxTiSe2 one can see from Fig.6 that the resonant 
peak corresponds in the excitation energy to the main maximum of the absorption 
spectrum (peak B in Fig. 4). The intensity of the resonant peak increases 
significantly with increase in the vanadium concentration (see Fig. 7, upper 
spectra).

Figure 7. Ti 2p-3d ResPES on maximum difference spectra. The ratio Ires/IRRAS equals to: 0.47 
for Ti0.9V0.1Se2; 1.15 for Ti0.28V0.83Se2; 0.96 for Ti0.17V0.9Se2; 0.55 for V0.04TiSe2; 1.41 for 
V0.08TiSe2.
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Figure 8. CIS spectra at 0.15 eV binding energy, obtained from Ti 2p - 3d (left panel) and V 2p-
3d (right panel) ResPES.

Fig.8 (left panel) shows CIS (constant initial states) spectra obtained directly from 
the Ti 2p-3d ResPES spectra. The IA/IB ratios obtained from CIS are listed in Table 
3, while the energy position of A and B peaks is seen from fig. 3. 

Table 3. IA/IB for TixVySe2 CIS for Ti 2p-3d ResPES spectra in Fig. 8 (left)

Sample Ti0.9V0.1Se2 Ti0.28V0.83Se2 Ti0.17V0.9Se2 V0.04TiSe2 V0.08TiSe2

IA/IB 0.25(1) 0.25(1) 0.23(1) 0.19(1) 0.19(1)

The increase in vanadium concentration in case of substitution leads to a decrease 
of IA/IB ratio in CIS spectra. In case of substitution this decrease is low, while in 
case of intercalation it changes 1.3 times as compared to that for Ti0.9V0.1Se2

The conclusion about the spatial distribution of the electrons from titanium can be 
drawn based on Ti 2p-3d ResPES. Because the A peak in Fig 3 is caused by Ti tg 
(dxy, dxz and dyz) states and B peak by Ti eg (dz

2 and dx
2
-y

2) states 40, the electrons on 
the Ti atoms are distributed between eg and t2g states. It must be noted, that we use 
scheme of orbital distribution which is proposed for titanium dichalcogenides in 41. 
According to this scheme, we re-designate the d-orbitals of both transition metals 
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in the layer and intercalated metals in accordance with the crystallographic axes. 
As one can see from Table 3, the relative contribution of the eg states compared 
with t2g states is higher for the intercalated VxTiSe2 compounds than for the 
substitutional ones. Consequently, the Ti 3dz

2 (corresponds to the direction toward 
vanadium atoms in the interlayer space) and 3dx

2
-y

2 orbitals (correspond to the 
direction toward other titanium atoms in the lattice) are mainly filled. Since there is 
no resonant peak in the pristine TiSe2 

42, this peak is due to the hybridization of the 
Ti 3dz

2 orbitals with V 3dz
2 orbitals.

Fig. 9 shows V 2p-3d ResPES spectra. All the spectra were additionally processed 
39.

Figure 9. V 2p-3d ResPES after additional processing. The VB spectra are overlaid with 
corresponding V L2.3 XAS

Table 4. IA/IB for TixVySe2 V 2p-3d ResPES CIS

Sample Ti0.9V0.1Se2 Ti0.28V0.83Se2 Ti0.17V0.9Se2 VSe2 V0.04TiSe2 V0.08TiSe2

IA/IB 0.19(2) 0.19(2) 0.19(2) 0.19(2) 0.11(2) 0.09(2)

For the VxTi1-xSe2 compounds the spectra obtained in the V 2p-3d resonant 
excitation mode look nearly the same (taking into account the vanadium 
concentration) and are similar to the spectra of pristine VSe2. Two resonant regions 
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can be distinguished. The first one corresponds to the excitation energy range of 
peak A, the second one - to the excitation energy range of peak B of the absorption 
spectra V L2.3 (Fig. 3). This allows suggesting that the VSe2 structural fragments 
remain in this material, rather than vanadium randomly substitute the titanium 
atoms.

For the VxTiSe2 compounds a sharp decrease in the intensity of the RRAS 
contribution is observed as compared to the resonant peak. Only resonant peak at 
binding energy around 0.15 eV is observed as compared to VxTi1-xSe2. From Fig. 
8, right panel, it can be seen that in the compositions with substitution a peak at a 
photon energy of about 514 eV is well observed. In the intercalated compounds, 
this peak is practically not visible.

Since eg states have a higher energy than t2g states also for vanadium 43, the B peak 
in the absorption spectra can be associated to eg states, and the A peak - to the t2g 
states. In this case, as for the titanium resonance, it can be seen that for VxTi1-xSe2 
the vanadium electrons are distributed over all of the orbitals, whereas for VxTiSe2 
they are distributed mainly over the eg orbitals, which have a direction toward the 
titanium atoms.

Conclusions
The TixVySe2 electronic structure in the case of intercalation of the V atoms and in 
the case of the substitution of Ti by V atoms has been studied experimentally. It 
was confirmed that a weak interaction between TiSe2 and VSe2 structural 
fragments occurs in the case of the substitution even at high vanadium 
concentration, as it has been proposed in our previous work9. In the case of 
intercalation the charge transfer between the Ti and V atoms is observed 
experimentally. The valence band spectra at the Ti 2p-3d and V2p-3d resonant 
excitation mode show the spatial distribution of the 3d electrons of Ti and V.
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During intercalation VxTiSe2 the charge transfer to the Ti3dz

2 / V3dz
2 band of hybrid states 

occurs, whereas in the case of substitution VxTi1-xSe2, the charge remains localized in the 
vanadium sublattice. The valence band spectra at the Ti 2p-3d and V2p-3d resonant excitation 
mode show the spatial distribution of the 3d electrons of Ti and V.
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Figure S1. Neutron diffraction patterns for V0.6Ti0.6Se2. Bold lines are experimental data; red points are 

Rietveld refinement with FullProf. Below the patterns, vertical lines point to the positions of nuclear 

reflections, blue solid line at the bottom shows the difference between the experimental and calculated 

patterns. 


