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Abstract

The morphology of the heterogeneous CrxTi1xSez and CrxTi1-xS2 single crystals has been studied
using X-ray scanning photoemission microscopy (SPEM) and angular resolved photoemission
spectroscopy (ARPES). A direct method of SPEM provided us the insight into the origin of the
blurred ARPES images for Cro7sTio3sSe2 single crystal. Using SPEM, we confirmed the
formation of the CrSe,-based structural fragments inside the CrxTi1xSe2 single crystals with x >
0.75. The chemical composition of the forming structural fragments depends on the chalcogen

(S, Se) forming the crystal lattice.

Introduction

Layered transition metal dichalcogenides (LTMDs) and their intercalates attracted the
scientific interest for decades [1-9]. Some of them are known for the strong electron-phonon
interaction resulting in superconductivity [8,10-12] and/or charge-density-wave state [13-16].
Due to high ionic mobility, intercalation compounds based on LTMDs are used as electrolytes in
Li-ion batteries [17-20]. Some direct-bandgap semiconductors like MoS; are suitable for
application as photodetectors [21-23]. One of the promising areas of practical use of LTMDs is
the spintronics [24-28]. Solid solutions of CrxTi1xChz (Ch = S, Se) are suitable for this purpose,
as evidenced both by theoretical [29,30] and experimental [31-33] studies. Particularly, our
previous study confirmed a 100% spin polarization in the CryTii1xSe2 at x > 0.75 [31]. To map
the Fermi surface and electronic band structure of these materials, we need to measure the angle-
resolved photoemission spectra (ARPES). This information is necessary to complete our
knowledge about the spectrum of the charge carriers in these compounds. However, in literature
there is no information about the electronic structure of Cr-substituted TiCh, (Ch = S, Se)
compounds according to the ARPES studies. We assumed that the difficulties are concerned
with the formation of heterogeneous structural fragments inside the CrxTi1xCh2 (Ch = S, Se)

single crystals. This assumption originated from the X-ray photoelectron spectra (XPS) of the



Cro.g3Tio.26Se2 single crystal [31], where the contributions to the Se 3d spectrum from the Se

atoms with different coordination by the Cr and Ti atoms were clearly seen.

The current study is aimed to prove the existence of the structural fragments inside the
CrcTi1xCh2 (Ch = S, Se) single crystals as well as to study the chemical homogeneity of their

surface.

Experiment

Polycrystalline samples of CrxTiixSe2 and CryTiixS2 were synthesized by the high-
temperature solid state reaction method in evacuated quartz ampoules [31,34]. X-ray powder
diffraction showed a good quality of the samples. Single crystals in the shape of thin plates with
the plane dimensions of about 2x2 mm? were grown from the polycrystalline phase using the gas
transport technique with iodine as a gas-carrier [35]. The chemical composition of the single

crystals was determined using energy dispersive X-ray analysis on a JEOL-733 spectrometer.

X-ray photoelectron spatially resolved XPS spectromicroscopy measurements were
performed at the ESCA Microscopy beamline at the Elettra synchrotron facility (Trieste, Italy),
with the hosted Scanning PhotoElectron Microscope (SPEM). SPEM measurements were carried
out using photon energy of 651 eV. The photoelectrons were collected and analyzed with a
SPECS-PHOIBOS Class 100 hemispherical analyzer equipped with a 48-channel electron
detector. In the SPEM the X-ray beam is focused on the sample by a Fresnel Zone-Plate focusing
optic and the chemical images are acquired by collecting core level photoelectrons emitted
within the relevant kinetic energy window while raster scanning the specimen with respect to the
microprobe [36]. The 48 channels electron detector allows to highlight in the image the lateral
distribution of the different chemical states and to remove the topographic contributions. At each
scanned position the corresponding 48 points XPS spectrum defined by the selected window
energy is stored. By properly choosing the map acquisition energy and analyzing each of these
spectra it is possible to create maps corresponding to specific spectra features distribution. All
presented maps are showed and analyzed to represent only the pure chemical distribution of
elements. For more information about the data analysis see ref [37].

The ARPES experiment was performed at the VUV photoemission beamline at Elettra
synchrotron facility (Trieste, Italy). The single crystal samples were cleaved at room temperature
in a vacuum chamber at a pressure better than 1 x 10~° Torr. Spectra were acquired with a photon
energy of Eexc = 45 eV, at a temperature of 9.6 K, using a Scienta R-4000 electron analyzer. The

total energy and angular resolution were set to 15 meV and 0.3°, respectively. The LEED image



was obtained at the same beamline in the preparation chamber of the spectrometer at a pressure

of 2:101% mbar. The energy of the electrons was set to 100 eV.

Results

This assumption about the formation of the structural fragments with different metal-
chalcogen chemical bonding within the single crystal became reasonable when we tried to obtain
ARPES images from single-crystal samples of Cro7sTio3sSe2. Fig.1 shows typical ARPES
images for these single crystals. Although the bands are visible, the image is blurred. This should
be caused by the disordered structural fragments. However, since the band structure is still
visible, either the angle between the fragments should be small or the fragments should be large

enough.
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Figure 1. ARPES images obtained in I'-M, I'-K and I"-M" directions for the Crq7sTio36S€2 single crystal. On the

right panel: LEED pattern demonstrates the duplication of the lattice parameters due to the superstructure formation.

Figure 2 shows the SPEM images of a 100x100 pum? surface of a CrosTio.36Se2 single
crystal obtained at Se 3d, Ti 2p and Cr 3p. The cleaved surface was obtained in a vacuum

chamber at a pressure of at least 1 x 107° Torr.
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Figure 2. SPEM images of the Cro7sTio36S€2 single crystal obtained at Se 3d (panel a), Ti 2p (panel b) and Cr 3p
(panel c). Blue, red and yellow points in the left panel indicate the regions, where the survey spectra were obtained

(see Fig. 3). The gradient scales show the intensity of the corresponding XPS peak.



There is a slight difference in the intensities of the Cr 3p (Fig.2c) and Ti 2p (Fig. 2b) lines
for the areas marked with blue and red points. These are the average intensities ratios as
calculated from the maps: lred/loie(Ti) =~ 0.87, lred/lnie(Cr) ~0.8. The intensity of the Se 3d line

changes more significantly: lred/lbie(Se) = 1.3.

Figure 3 shows the survey spectra for the regions marked with red, blue and yellow
points. One can see a good quality of the surface marked with red and blue points according to
the absence of the O 1s peak and relatively low intensity of the C 1s peak. Moreover, the survey
spectra for these points are almost identical. In its turn, the area marked with the yellow point

corresponds to the uncleaved surface of the single crystal.

40k red pongt = Se3d
@ ] blue point i
% 30k yellow point
Q |
> ] Se3p
E 20k -
5 ] , Se3s Cr3p
= Jc2 - | 4
E 10k o Ti2p — l /mp
0 , T T T T T I T T T 1 T I T T T T T I T — T - T T T - ' I' T T T T I T T k| T 'l I
500 400 300 200 100 0

Binding energy,eV

Figure 3. Survey spectra for Cro7sTio.36Se2 collected in red, blue and yellow points (see Fig. 2).

For a more thorough study of the surface of the Cro7sTio.36S€2 single crystal, the detailed
core level spectra of the main detected elements were obtained for the areas marked with red and
blue points. Fig. 4 shows the Cr 3p (together with Ti 3p), Ti 2p and Cr 2ps/2 core level spectra.
One can see that the I(Cr 3p)/I(Ti 3p) intensity ratio does not change moving from the red to the
blue points (Fig. 4, left panel). It should be noted that the spectra shown in Figure 4 are
normalized to the maximum intensity. The Ti 2p spectra are almost identical to those obtained
previously for the CrTi1xSez system [38]. The energy position of the Cr 2ps/2 line is the same as
reported previously for these compounds [31,38], however the intensities of the Cr 2psp»
subpeaks (with Eg = 573.7 eV and Eg = 574.7 eV) slightly differs. This difference can be
attributed to the limited signal to noise ratio in the current study which makes difficult a precise
assignment of the energy peak position. Nevertheless, the typical 1 eV-splitting of the Cr 2ps».

line due to the spin polarization of the Cr electrons [31] is well visible for both regions.
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Figure 4. Ti 3p, Cr 3p (panel a), Ti 2p (panel b) and Cr 2ps, (panel ¢) core level spectra for Cro7sTio3sSe2 collected
in the red and the blue points (see Fig. 2).

As mentioned above, the major visible difference for the regions marked with the red and
the blue points appears in the Se 3d contrast (Fig. 2, left panel). Fig. 5, central panel, shows the
averaged Se 3d spectra from the areas marked as colored rectangles as extracted from the 48
channels maps. Unfortunately, we are not able to present the Se 3d spectra collected specific
points as we have done for Cr 3p, Cr 2p and Ti 2p spectra, due to the radiation induced
degradation of the upper layer of the crystals, which is the Se layer in the studied compounds,
during a long time exposure as needed for the detailed core level spectra acquisition. Such
detrimental effect is avoided in the acquisition of chemical maps because of the short exposure
time per pixel which is of the order of a few tens of ms compared to the minutes needed for core
level spectrum acquisition. Despite the energy resolution used for mapping is slightly poorer
than that set for the acquisition of spectra the 48 points extracted from maps are highly
informative. As a matter of comparison, the Se 3d detailed core level spectrum from TiSe; is
reported in the panel; due to the higher energy resolution condition the spin-orbit splitting is
better resolved if compared, for instance, to the spectrum of the red area. One can clearly see that
the spectra collected from the blue and brown areas contain an additional shoulder (marked as
energy region Il) compared to the spectra collected from the red and green areas (marked as
energy region 1): a similar behavior was previously observed on CrogsTio26Se2 [31]. The Se 3d
spectrum for CrogaTio26Se2 is shown in Fig. 5 (central panel) for comparison as well. States in
region | correspond to Se in TiSe> while those of region Il correspond to Se in CrSez. The spatial

distribution of the spectral intensities defined as energy region | and region Il in Fig.5 central



panel is shown in the right panel where the ratio of the maps calculated on each energy regions

has been calculated. It is clearly seen that there are different Se states in the structural fragments.
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Figure 5. Left panel: SPEM image for the Cro7sTio36Se2 single crystal obtained at Se 3d. The gradient scale shows
the value of the elemental intensity ratio. Central panel: Se 3d core level spectra for Crq7sTio.36S€2 collected from
areas marked as colored rectangles on the left panel along with Se 3d spectra for previously investigated
CrogsTio2sSez (black line) and TiSe, (dashed line) [31]; energy regions | and Il correspond to the different Se 3ds.,
states. Right panel: map in the Se 3d contrast plotted as 1)/l intensity ratio in each point, where I, and I, are the
intensities of the Se 3ds, peak in regions | and 11 (left panel), respectively. The gradient scale shows the value of the

I/1y intensity ratio.

Fig. 6 shows the SPEM images of a 100x100 pm? surface of the CrossTioesS2 single crystal
obtained at S 2p core levels, and Cr 3p/Ti 3p ratio.
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Figure 6. SPEM images of the Cro.34Tio.esS2 single crystal obtained at S 2p (panel a) and Cr 3p/Ti 3p ratio (panel b).
The blue and the red points in the left panel indicate the regions, where the survey spectra were obtained (see Fig.

7). The gradient scales show the value of the elemental intensity ratio.



In the sulfur SPEM image a contrast between two phases is visible, but the differences are very
low, and the S distribution can be assumed to be almost uniform compared to the other elements.
Fig. 7 shows the survey spectra collected in “blue-point” and “red-point” regions for
Cro34Tio.36S2. The only visible difference in these survey spectra is in the relative intensity of the
C 1s peak. There is no visible difference for other XPS peaks in the survey spectra. For a more
thorough study of the surface of the Cro.34Tio.66S2 Single crystal, the core level spectra of the main
detected elements were collected in the areas marked with the red and the blue points (Fig. 8).
All the core level spectra are normalized to the maximum intensity. It is clearly seen the decrease
of the intensity of the Cr 3p line with respect to the intensity of the Ti 3p line while moving from
the “red-point” to “blue-point” region. This corresponds to the decrease of the relative amount of
Cr content in the “blue-point” region with respect to the “red-point” region. This is in line with
the Cr 3p/Ti 3p ratio obtained from the corresponding SPEM maps shown in Fig. 6-b).
Considering the photoionization cross-sections for Cr 3p and Ti 3p lines [39] one can estimate
the Cr / Ti ratio in the “red-point” and “blue-point” regions. For the “red-point” region, if we
take the sum of metals as 1, the ratio corresponds to CrozgTioe1, for the “blue” region to
Cro2Tios.
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Figure 7. Survey spectra for Cro34TioesS2 collected in the red and the blue points (see Fig. 6).

The Ti 2p line gradually shifts toward the low binding energy as the Cr concentration in the
fragment increases. For the “blue-point” region the energy shift equals to 0.23 eV as compared to
Ti 2p line for TiSz; for the “red-point” region this shift equals to 0.43 eV. Cr 2p spectra differ in
“red-point” and “blue-point” regions. The typical 1eV splitting is visible on the Cr 2p spectra
collected both from the “blue-point” (a region with lower Cr content) and “red-point” (a region
with higher Cr content) regions. We have shown previously that the splitting of Cr 2ps/2 line
disappears at reaching the percolation threshold in the Cr sublattice [40]. In fact, the Cr 2pa3»

splitting is better visible for the “blue-point” region than for the “red-point” one, which is in a



good agreement with our previous results for the CrxTiSe, system [40]. The S 2p core level

spectrum does not change and coincide with that for TiS;.
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Figure 8. Ti 3p, Cr 3p (panel a), Ti 2p (panel b), Cr 2ps;2 (panel ¢) and S 2p (panel d) core level spectra for
Cros4TioeeS2 collected in the red and the blue points (see Fig. 7). The dashed lines in the b) and ¢) panels mark up
the energy position of the Ti 2pss; line (panel b) and Cr 2ps, components (panel ). On the panel ¢) the solid line

shows the smoothing of the experimental spectrum shown by dots.

Discussion

The SPEM experimental results clearly indicate the presence of structural domain in the
single crystals of CryTi1xCh2 (Ch = S, Se). These fragments differ in the chemical composition
and chemical bonding. Because the single crystals grow from the gas phase, the equilibrium is
reached very quickly, and the formation of such fragments cannot be the result of the
decomposition of a solid solution but must occur during the crystallization process. In
Cro.78Tio.36Se2, the fragments consist of a TiSe>-based solid solution (CrxTi1-xSez, corresponds to
the energy region | in Fig. 5) and a CrSez-based solid solution (TixCri-xSe2, corresponds to the
energy region Il in Fig. 5). The structural fragments are slightly disordered, which follows from

the mismatch of the growth step in two fragments (the growth steps are visible as stripes in Fig.



5, right panel). The growth steps on right panel of figure 5 are shifted by about 4 um. The
blurring of the ARPES image for this crystal may be caused by the falling of the incident beam
onto several fragments of different types.

In Cro34TioesS2, the formation of the structural fragments of various chemical
compositions is also observed. However, there is no significant change in the chemical bonding
between S and environment in different fragments. This indicates the formation of the CryTi1-
x+yS2 fragments differing in the content of superstoichiometric Ti(y). Unfortunately, we cannot
obtain the information about the degree of disordering of structural fragments based on the
SPEM image. The difference in chemical composition should increase the Fermi energy in
fragments with a large excess of Ti. This should result in the gradual energy shift of both Cr and
Ti XPS spectra in the same direction. However, only the binding energy of Ti2p line slightly
changes. This indicates that the concentration of electrons is nearly the same in all structural
fragments, i.e. the Fermi energy does not change from fragment to fragment. Therefore, we can
conclude that the structural fragments are in close, possibly coherent, relation, and fragments

with high concentration of excess Ti donate electrons stabilizing the CrxTi1-xS2 solid solution.

In Cro.78Tio.36Se2, there is a slight difference in the binding energies of Ti 2p, 3p and Cr
2p, 3p lines for red and blue point areas. For the blue point area (TiSez-based solid solution
CrxTi1xSe2) the binding energies are slightly higher than those for the red point area (CrSe,-
based solid solution TixCrixSe2). Firstly, this means that red point area donates electrons.
Secondly, either the electric contact between these structural fragments can be much worse than
that in Cros4TioesS2 or the size of the fragments is much larger, bringing the material to the

mixture of phases.

Conclusion

The formation of the TiSez-based and CrSez-based structural fragments in the
Cro78Tio3sSe2 single crystal was confirmed experimentally using SPEM technique. This
morphology may be responsible for the blurring of the preliminary obtained ARPES images of
this crystal. The fragments are also formed in Cro34TioeeS2, however they differ not in the
chemical bonding of chalcogen, like in Cro7sTiossSez, but in the concentration of
superstoichiometric Ti. The results obtained allow to conclude the stability of the CrSe>-based
fragments inside the CrxTi1.xSez single crystals. This information is useful for further study of the
CrSe»-based materials and their application in spintronics.
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