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Electronic structure of Janus layers based on Ti1−yCry(Se1−xSx)2
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Single crystals Ti0.9Cr0.1(Se0.8S0.2)2 and Ti0.85Cr0.15(Se0.8S0.2)2 were synthesized for the first time by gas-transport

reactions. The structural and phase purity of the obtained single crystals was investigated by X-ray powder

diffraction. The chemical composition of the synthesized samples was determined by energy dispersive X-ray

spectroscopy on a scanning electron microscope. The electronic structure was studied by ARPES method. With

increasing Cr concentration, a decrease in conduction band filling and a decrease in hole mass is observed. The

absence of dispersion-free band is also observed, which indicates the absence of metal intercalation into the

interlayer space.
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1. Introduction

Transition metal dichalcogenides are layered materials

with a general formula MX2 (M = Ti, Zr, Mo, Hf; X = S,

Se, Te). The atoms are bonded together by ion-covalent

bond inside the layer and a Van der Waals bond is formed

between the layers as quasi-2D structures, and explore

various effects related to the samples dimensions. Transition

metal dichalcogenides are featuring such unique proper-

ties as superconductivity [1,2], charge-density waves [1,3],
topology [1,4], that allow using them in a wide range of

applications such as in electronics [5], lithium batteries [6]
and photodetectors [7]. One of the ways to modify the

properties of these compounds is the intercalation of atoms

or molecules into the interlayer space [8]. Another way to

change the properties of dichalcogenides is substitution in

the metal sub-lattice [9]. In paper [10] it was shown that

in Ti1−xCrxSe2 compounds a stoichiometric metal evolves,

mainly Ti, in the inter-layer space when substituting the

four-valence titanium (Ti4+) by a trivalent chromium (Cr3+),
which results in disruption of the quasi-2D structure. There-

fore, in order to prevent self-intercalation and preserve the

quasi-2D structure, additional electrons shall be introduced

in the system. This will make it possible to completely

replace titanium with chromium [11] without forming an

excess transition metal between the layers.

Janus structures have attracted tremendous scientific

interest recently due to the emergence of new unique

properties that arise from the breaking of mirror symmetry

due to different atoms on each side of their unit cell

in such materials [12–14]. These compounds may be

synthesized based on the transition metals dichalcogenides

when substituting Se by S or visa versa, where S−M−Se

structure represents itself a Janus layer. In paper [15]
for TiSe2−TiS2 system practically unlimited solubility of

components was demonstrated. This is due to the similarity

of their electronic and crystal structures. Both compounds

have a trigonal lattice with a spatial group P-3m1 (� 164),
however, they have different parameters: a0 = 3.407 Å and

c0 = 5.680 Å for TiS2; a0 = 3.528 Å and c0 = 5.981 Å for

TiSe2. These materials also have similar electronic structure:

TiS2 is a narrow-bandgap semiconductor with indirect band

gap (∼ 0.5 eV), where the apex of valence band is formed

by p-orbital of the chalcogen atoms in Ŵ-point of Brillouin

zone (BZ), and the bottom of conduction band was formed

by 3d states of titanium in M-point of BZ; for TiSe2 the

apex of valence band and the bottom of the conduction

band are formed in a similar way that for TiS2, while the

gap value being no higher than 0.05 eV. In paper [16] it was
shown that there are no features in the spectra of angle-

resolved photoelectron spectroscopy (ARPES) in TiSe2−xSx

compounds when substituting up to x = 0.34, except for
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Figure 1. Full-profile analysis of powder X-ray diffraction for samples Ti0.9Cr0.1(Se0.8S0.2)2 (a) and Ti0.85Cr0.15(Se0.8S0.2)2 (b).

the gradual change of the band gap width between Ŵ−M

direction of BZ. Later, in paper [17] when analyzing EMF

dependence of electrochemical cell Li/Li+/Ti(Se1−xSx )2/Pt
the EMF of the cell was found to be reduced by 0.5 eV,

both, in substitution of S by Se, and in substitution of Se

by S at level of substitution x = 0.2. Since, in the studied

compound there area no atoms of Li, variation of EMF is

associated with Fermi energy growth in in Ti(Se1−xSx )2.
The observed increase in Fermi energy may be manifested

due to a donor nature of Janus structures because of

Laplace pressure, since substitution of Se by S is isovalent,

but due to different ionic radii there may occur lattice

curvature. Hence, we may expect, that Janus structures

in Ti1−yCry(Se1−xSx )2 compounds will allow substituting

Ti by Cr without additional intercalation of metal into the

inter-layer space. Yet, it remains unclear how many donor

electrons are generated due to the formation of Janus layers.

In the study Ti1−yCry (Se1−xSx)2 single-crystals were

synthesized for the first time by gas transport reactions

from the prepared polycrystalline charge. The structural and

phase purity of polycrystals was studied by X-ray powder

diffraction (XPD). Chemical composition of single-crystals

was studied using the energy-dispersive X-ray analysis

(EDX). Electronic structure of single-crystals was studied

using angle-resolved photoelectron spectroscopy (ARPES).

2. Materials and research techniques

Polycrystalline samples Ti0.85Cr0.15(Se0.8S0.2)2 and

Ti0.9Cr0.1(Se0.8S0.2)2 were synthesized from highly pure

elements (3N) weighed according to stoichiometric ratio.

Polycrystalline charge was synthesized in quartz vacuum

ampules (10−5 Torr) at 900◦C for 5 days. The resulting

compounds were then mechanically ground in a mortar

and pressed to improve contact. The resulting compressed
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Figure 2. SEM-image of single-crystal Ti0.85Cr0.15(Se0.8S0.2)2 .

samples were annealed in vacuumed ampoules for 5 days

at a temperature of 750◦C. Single-crystal samples were

grown from polycrystalline charge by gas transport

reactions with Se as a carrier. Chemical composition of

single-crystals was determined by EDX method using a

scanning electron microscope Quanta 200 at the Shared

Research Facility of IMP UB RAS. The structure and

phase purity of synthesized single-crystals were studied

by XPD method using XRD 7000 Maxima diffractometer,

CuKα = 1.5418 Å (1x < 5%). ARPES-measurements

were made along Ŵ−M direction of Brillouin zone at

a temperature of 80K and pressure below 10−10 mbar

using photoelectron spectroscopy system SPECS Proven-X

ARPES fitted with helium UV gas-discharge source

UVS-300 (hv = 21.22 eV) and hemispherical analyzer
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of electrons energy ASTRAIOS 190, in ISP SB RAS.

The samples were cleaved in the ultrahigh vacuum

(< 10−10mbar) at room temperature. Low-energy electron

diffraction (LEED) was used to characterize the long-range

crystal order, as well as to determine the directions of high

symmetry on the surface of the samples after cleavage.

3. Results and discussion

Powder X-ray diffraction and full-profile analysis

for Ti0.85Cr0.15(Se0.8S0.2)2 and Ti0.9Cr0.1(Se0.8S0.2)2 com-

pounds are shown in Figure 1. Based on the results

of a full-profile analysis, the single-phase nature of the

synthesized systems was determined. Spatial group of

P-3m1 (� 164) compounds, parameters of unit cell

for Ti 0.85Cr0.15(Se0.8S0.2)2 are a = 3.513 Å, c = 5.930 Å,

V = 63.399 Å3, for Ti0.9Cr0.1 (Se0.8S0.2)2 are a = 3.513 Å,

c = 5.941 Å, V = 63.515 Å3. The level of self-intercalation

upon results of a full-profile analysis doesn’t exceed 4.5%.

Figure 2 illustrates an appearance of a typical single-

crystal grown during synthesis. From EDX-analysis it was

found the studied single-crystals have minor deviations

from stoichiometry Ti0.87Cr0.13(Se0.77S0.23)1.87 instead of

Ti0.85Cr0.15(Se0.8S0.2)2 and Ti0.91Cr0.09(Se0.78S0.22)1.85 in-

stead of Ti0.9Cr0.1(Se0.8S0.2)2.

Figure 3 shows the ARPES data for single-crystals

Ti0.85Cr0.15(Se0.8S0.2)2 and Ti0.9Cr0.10(Se0.8S0.2) in Ŵ−M

direction of BZ. A dispersion dependence is observed,

which is an evidence of the crystalline quasi-2D structure of

samples and the absence of self-intercalation. The indirect

band gap of ∼ 0.08 eV is also observed. Additionally, a

displaced area in the valence band in Ŵ-point of BZ is

observed. This displaced area may be attributed to the

formation of Cr-containing Janus structures.
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Figure 3. ARPES spectra for surface of single-crystals Ti0.85Cr0.15(Se0.8S0.2) (a) and Ti0.9Cr0.10(Se0.8S0.2) (b), measured in M−Ŵ−M

direction at T = 80K, hv = 21.22 eV. The inserts show the corresponding maps of the Fermi surface near M-point.

The observed stoichiometry deviations may be caused

by the error of method used to determine the chemical

composition of a sample or by the presence of intercalated

metal in the inter-layer space, since the ratio of Ti to Cr,

similar to the ratio of Se to S, is close to the required

value, however, Me : Ch = 1 : 2 ratio is not preserved (here,
Me is deemed as a joint content of Cr and Ti atoms, and

Ch — joint content of Se and S atoms). In our case, the

first option is most likely, since the XPD results show that

self-intercalation into the interlayer space does not exceed

4.5% and there are no dispersion-free zones peculiar to the

intercalated atoms in the ARPES spectra. According to the

analysis of ARPES spectra, there is a decline in the intensity

of the signal from the bottom of the conduction band with

higher chromium content in the samples, which is associated

with the substitution of Ti by Cr in the metal sub-lattice, and

there is also a decrease in the effective mass of holes as the

chromium concentration rises, i. e. mholes Cr0.15 < mholes Cr0.1,

since zone dispersion for a sample containing Cr0.1, is

higher compared to a sample containing Cr0.15.

4. Conclusion

The single-crystals Ti0.85Cr0.15(Se0.80S0.20)2 and

Ti0.90Cr0.10(Se0.80S0.20)2 were synthesized for the first

time by method of gas transport reactions. Based on the

results of a full-profile analysis, the single-phase nature of

the samples is shown and the parameters of the unit cell are

determined. The chemical composition of the synthesized

single crystals was determined using EDX analysis. The

deviation from the stoichiometric ratio is due to the error

of the method. According to ARPES data, the absence of a

dispersion-free zone has been established, which indicates

the absence of metal intercalation into the interlayer space.

The presence of the indirect band gap ∼ 0.08 eV was

Semiconductors, 2024, Vol. 58, No. 7
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demonstrated. Additionally, a displaced area is observed

that may be associated with the formation of Cr-containing

Janus structures. A decrease in the signal intensity at

the bottom of the conduction band was revealed with an

increase in the chromium concentration in the sample,

which is associated with the substitution of Ti atoms by Cr

atoms in the metal sub-lattice, and a decrease in the mass

of holes as the concentration of chromium atoms goes up.
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