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Abstract

Crystal and electronic structure, optical absorption and transmission spectra, temperature
dependences of conductivity and magnetic susceptibility were studied for copper intercalated
ZrSe2 in the copper concentration range of 0 < x £ 0.3. The electronic structure of CuxZrSe2 single
crystals was studied at room temperature using X-ray Absorption Near Edge Structure
spectroscopy (XANES), resonant photoelectron spectroscopy (ResPES) and optical absorption. The
partial and total densities of states were calculated to determine the atomic contributions to the
valence band. The competition between the occupation of octahedral and tetrahedral sites in the
van der Waals gap by copper was found. The contribution of both positions to the formation of
the chemical bond between copper and the ZrSe2 lattice with the domination of the Cu—Se
interaction was determined. It was found that the intercalation of copper in the concentration
range of x = 0-0.2 resulted in the formation of the localized impurity states in the Se 4p/Zr 4d
band gap but not in the charge transfer to the conduction band. As the copper concentration
increased above x = 0.2, the semiconductor-to-metal transition occurred due to the reaching of
the conduction band by the Fermi level. The Se 4p/Zr 4d band gap was found to be a direct one in
the whole studied concentration range. Some inconsistencies in the conductivity and spectral data
along with the DOS calculation results were explained by the Frenkel defects in the ZrSe2 lattice.

Introduction
MCh, transition metal dichalcogenides, in which the metal and chalcogen atoms can be widely
varied (M =Ti, V, Zr, Nb, Mo, Hf, W, Ptand Ch =S, Se, Te), have been studied over the past few
decades.'® These materials with a quasi-two-dimensional crystal structure exhibit some attractive
physical properties. The MCh, dichalcogenides demonstrate such quantum effects as the charge
density wave (CDW) state and superconductivity.’” > These materials are already used as cathode
materials for lithium batteries,"> % photodetectors,**? transistors with high electron mobility,* and
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electronic devices.>? The layered structure of MCh, allows the intercalation of atoms and
molecules to modify the physical properties of the obtained material in a wide range. Limited
interlayer space allows one to create nanosized inclusions* and one-dimensional chains of ordered
intercalated atoms.?** Intercalation compounds based on MCh, demonstrate important applied
properties: superconductivity,** %" magnetism,**“*°and thermoelectricity;*** they can be used as
solar cells,**** electronic devices,**° and battery systems.'34

Zirconium diselenide ZrSe; is a structural analogue of titanium diselenide TiSe,. In its turn,
scientific interest to TiSe, is due to the CDW transition.*’ It has been reliably established that this
state in TiSe; is associated with the so-called Keldysh— Kopaev mechanism of the transition to the
excitonic insulator state.*® There are convincing cases for the involvement of the phonon subsystem
in the formation of this state.*® A new interest in the study of TiSe, arose with the discovery of the
superconducting transition in this material caused by a small external disturbance suppressing the
excitonic insulator state. This transition was observed at high external pressure® or intercalation of
a small amount of copper ions.** It is important to note that TiSy, which is the closest structural
analogue of TiSe,, does not show any phenomenon like this one.

The substitution of Ti by heavier Zr in the host lattice MSe; leads to the enhancement of the
polarization and therefore can lead to the increase of the quantum effects. In this work, we
synthesized ZrSe; intercalated with copper and studied the crystal and electronic structure of these
materials as well as their physical properties — conductivity and magnetic susceptibility in a wide
temperature range, and optical absorption in the near infrared range at room temperature.

The crystal structure of ZrSe; is composed of a sequence of Se—-Zr—Se layers (the so-called
“‘sandwich’”) with strong covalent bonding inside the layers and a relatively weak bonding of the
van der Waals type between the layers (Fig. 1). The experimental data on the crystal structure,
calculation of the electronic structure of the initial ZrSe,, and its electrical properties were first
presented in ref. 51 and 52. In nonstoichiometric ZrSe; intercalated with copper the superconducting
transition occurs,> which draws an additional interest to the Cu—ZrSe, system. The electronic
structure of these materials was previously studied in ref. 54 and 55.

It has been shown for Cu-TiS,>*°’ that the instability of the layered modification is associated
with the occupation by intercalated atoms of the sites in the interlayer space, which are tetrahedrally
coordinated by the sulfur atoms. Therefore, the study of the stability of the layered modification of
the intercalation materials requires information about the distribution of intercalated atoms between
the octahedral and tetrahedral sites in the interlayer space. This information can be obtained from
the full-profile refinement of the X-ray diffraction patterns. The ordering of the intercalated atoms
with a decrease in the crystallographic symmetry, observed in ref. 30-33 and 58, significantly
complicates this task. To avoid these difficulties, we have chosen the concentration range of 0 < x <
0.3 for CuxZrSe,, in which copper atoms are not ordered. This concentration range is similar to that
(0 < x < 0.12) for the Cu,TiSe, system,** in which the CDW state and superconductivity are
observed.

The crystal structure of the obtained materials was studied by powder X-ray diffraction using the
full-profile refinement procedure, the electrical conductivity was measured for polycrystalline
samples in the temperature range of 10-300 K, and the magnetic susceptibility was measured for
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polycrystalline samples in the temperature range of 3-300 K. The electronic structure of CuxZrSe;
single crystals was studied at room temperature using Cu L3, X-ray absorption near edge structure
spectroscopy (XANES), resonant photoelectron spectroscopy (ResPES) and optical absorption
spectroscopy.

Experimental

CuxZrSe; polycrystals were synthesized using a room-temperature solid-state reaction technique
from the preliminarily prepared ZrSe, powder and finely dispersed copper. The synthesis technique
of ZrSe, is described in more detail in ref. 59. The intercalation procedure is described in detail in
ref. 56. The single crystals of CuxZrSe, with x = 0.1, 0.2, 0.3 were grown in quartz ampoules using
a gas-transport reaction technique with I, as a gas-carrier at a temperature of 850 °C, as reported in
ref. 60. The chemical composition of the crystals was determined using X-ray energy dispersive
analysis (EDA) on an “‘Inspect F’’ scanning electron microscope.

The crystal structure of the ZrSe, and CuxZrSe; powders was determined using X-ray powder
diffraction (XRD) on a Shimadzu XRD 7000 Maxima diffractometer (Cu Ka; radiation, graphite
monochromator, 2Y = 5-901). The crystal structure refinement was performed using the GSAS
(General Structure Analysis System) software package.®* Background was approximated by the
Chebyshev polynomial with 8 coefficients. For all samples, the following model of the crystal
structure was used: P-3m1 space group (164),%? atomic positions Zr(1a) (0 0 0), Se(2d) (1/3 2/3 z),
Cul(1b) (0 0 1/2) (octahedral sites), Cu2(2d) (1/3 2/3 z) (tetrahedral sites)®* (see e.g. Fig. 1). The
atomic coordinates of the selenium and copper atoms in the tetrahedral sites along with the
occupation of the octahedral and tetrahedral sites by the copper atoms were refined. Site occupancy
fractions for Cul(1lb) and Cu2(2d) were constrained by total copper concentration taking into
account the multiplicity of these sites. A pseudo-Voigt function with a Finger—Cox—Jephcoat peak
asymmetry correction (peak profile type No. 3) was used for the profile fitting. Anisotropic
displacement parameters were used for the Zr and Se atoms in the refinement.

The XANES and ResPES spectra were obtained at the CNR BACH beamline® of the Elettra
synchrotron facility (Trieste, Italy). Linearly polarized X-rays with a polarization vector 60° off the
surface plane were used. All the samples were cleaved in situ in a vacuum chamber at a pressure
lower than 1x107° Torr. The purity of the surface was confirmed by the absence of oxygen and
carbon peaks in the survey spectra. A VG-Scienta R3000 hemispherical analyzer set at 60° off the
incoming X-ray beam was used for photoemission measurements. VValence band spectra were
measured in a normal emission geometry with a total energy resolution of 0.15 eV. Photoemission
binding energies were calibrated using the Fermi edge measured on a gold reference. Cu L, 3
XANES were acquired in total electron yield mode with an energy resolution of 0.2 eV and
calibrated using the Au VB spectrum on the Fermi edge with corresponding excitation energy.

First principles calculations were performed to obtain a theoretical description of the density of
states of the studied materials near the Fermi level. Total density of state (TDOS) and partial density
of states (PDOS) calculations were performed using the full-potential linearized augmented plane
wave (FP-LAPW) approach and the generalized gradient approximation in the Perdew—Burke—
Ernzerhof variant (GGA-PBE)® exchange—correlation functional in the ELK software package.®®
Integration over the Brillouin zone was carried out using an 8x8 x8 grid of special k points, and the
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total number of k-points was 176. The selfconsistent calculation was finished when the total energy
change became less than 0.0001 eV. Experimentally determined parameters of the crystal structure
were used in these calculations. For calculations the ‘“Uran’’ supercomputer of IMM UB RAS was
used.

Electrical resistivity was measured in the temperature range of 10-300 K by means of a standard
direct-current two-probe technique using a closed-cycle helium cryostat with a SRDK-205D
(Sumitomo, Tokyo, Japan) cryo cooler on polycrystalline samples. Low cooling and heating rates (1
K min™) were used to make measurements as balanced as possible.

Magnetic susceptibility w was measured in the temperature range of 3-300 K and a magnetic
field of 1 kOe on a vibrating sample magnetometer (VSM) system CFS-9T-CVTI (Cryogenic Ltd,
UK). Polycrystalline samples were placed into a weakly magnetic gelatin capsule. The signal from
the capsule was subtracted from the obtained temperature dependence of the magnetic susceptibility
during the data processing.

The optical studies were carried out in the near-IR range in the photon energy interval of 0.15 <
hw < 1.1 eV at 295 K using a prism spectrometer. The absorption spectra a.(hw) were calculated
from the experimentally obtained transmission spectra of t(hw) using the following formula:

afhe) = [Ud|In[(1 — B}t ()] (1)
where d is the thickness of the sample, t(hw) = I/1y is the sample transmittance (I is the intensity of
the light passed through the sample, |y is the intensity of the light in the incident beam), R(hw) is
the reflection measured previously from the same sample. The samples were single crystals with a
thickness d of about 2040 mm. The crystals for the optical measurements were cleaved directly
before measuring. The measurement time for one sample was about 20 minutes. The intensity of the
light transmitted through the sample recorded at the end of the measurement coincided with that
recorded at the beginning (within measurement accuracy). Therefore, we suppose that the
contamination of the sample surface during measurement, if any, can be neglected.

Experimental results

Crystal structure

The crystal structure of CuxZrSe; is described in the P-3m1 space group in the whole studied Cu
concentration range (0 < x < 0.3).

This indicates the stability of the layered form of the material in this Cu concentration range. The
superstructure lines are not observed,; this indicates that there is no ordering of the intercalant, as it
was expected, when this concentration range was chosen. The full-profile refinement procedure was
used to obtain and analyze the information about the copper distribution between octahedral and
tetrahedral sites in the interlayer space. The refinement results are listed in Table 1.

The dependence of the fraction (in %) of copper atoms that occupy tetrahedral and octahedral
sites on the total copper concentration is shown in Fig. 2a. As it can be seen from Fig. 2a and Table
1, atalow (x < 0.1) copper concentration, almost all copper atoms occupy tetrahedral sites of the
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interlayer space and the copper atom is displaced toward the base of the tetrahedron (Fig. 1 and 2b,
right panel). This position of the copper atom is energetically favorable due to a large difference in
the components of the Young’s modulus e in the xy direction (basal plane) and z direction for all
the compounds of the Cdl, type. For ZrSe,, ex= ey, = 90.041 GPa, which substantially exceeds e, =
5.8398 GPa.®® This suggests a weaker elastic distortion of the lattice at the occupation by copper of
the octahedral sites than that at the occupation of the tetrahedral ones. Hibma first wrote about
this;®” in that work the phase stability in intercalation compounds was associated with the elastic
distortions at the occupation of the tetra- and octahedral sites. The same approach made possible a
quantitative description of the diffusion of silver in TiS,.% The interaction of the 3d4s electrons of
the intercalated ion in the octahedral sites with the electrons of the transition metal atom in the
second coordination sphere of the host lattice was confirmed experimentally®® and by the theoretical
calculations.” In the case of the occupation of the tetrahedral sites the chalcogen atoms are in the
nearest environment of the intercalated atom, and no orbitals of the intercalant are directed to the
host lattice transition metal. In this case the only Cu 3d, 4s/Se 4p hybridization is possible. In the
copper concentration range of 0 < x < 0.2 the increase in x leads to the partial transfer of the copper
atoms from the tetrahedral sites to the octahedral ones, in which Cu 3d, 4s/Se 4p/Zr 4d
hybridization is possible.

At x = 0.2 the copper atoms in the tetrahedral sites are shifted to the middle of the interlayer
space, and the Z coordinate of copper atoms in the tetrahedral sites is equal to that of copper atoms
in octahedral sites (Zc, = 0.5); this is accompanied by the contraction of the van der Waals gap (Fig.
2¢) and the increase in the thickness of the Se—Zr—Se sandwich (Fig. 2d). As a result, As a result,
the Cu0.2ZrSe2 composition corresponds to the minimum on the concentration dependence of the
van der Waals gap width (see Fig. 2c) and to the largest filling of the octahedral sites with copper
atoms (37% of the total copper content). At x Z 0.25 the copper atoms occupy the centres of the
tetrahedron’s inscribed sphere. This position is most favourable in the case of the absence of other
interactions than elastic ones. Therefore, a further increase in the copper content leads to the transfer
of copper from the octa- to tetrahedral sites, which provides the prevalence of Cu 3d, 4s/Se 3p
hybridization (see Fig. 2a). The filling of the tetrahedral sites with copper atoms increases and the
interlayer space expands.

Electronic structure

X-ray photoemission core level spectra for Cu,ZrSe, (x = 0-0.3) were published earlier’>and
showed the monotonic increase in the Zr 3p and Se 3d binding energies. This behavior was
explained by the gradual shift of the Fermi level with increase in copper concentration. The width
of the core level peaks didn’t depend on the copper concentration, which indicated the weak effect
of the environment geometry on the core level binding energies.

XANES

The Cu L,3 XANES for CuyZrSe, are shown in Fig. 3. These spectra differ from those for Cu,TiSey,
where copper atoms act at low concentration (x < 0.2) like free ions.”"?In contrast, in CuyZrSe,
copper atoms interact even at low concentration with the arrangement, and the type of chemical
bond changes with the increase in the copper concentration. The spectra for Cug1ZrSe; and
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Cup3ZrSe; are almost identical in shape and energy position of the peaks and differ from the
spectrum for Cug 2ZrSe,, for which the main band C is broadened, its intensity is lower and its
energy position is shifted toward high photon energies by 0.5 eV. This broadening and energy shift
can be explained by the appearance of an additional contribution to the absorption spectrum. The
structural data suggest (Table 1) that in Cug2ZrSe; the occupation of octahedral sites by the copper
atoms becomes more pronounced in addition to the occupation of tetrahedral sites. Since the local
arrangement of the Cu atoms in these crystallographic positions differs significantly (4 chalcogen
atoms for tetrahedral sites and 6 chalcogen atoms for octahedral ones), two different contributions
to the absorption spectrum should be observed. Bearing in mind that only tetrahedral sites are
occupied in Cup 3ZrSe; and both tetra- and octahedral sites are occupied in Cug2ZrSe; (with a ratio
of 1:2), we can obtain the contribution of the octahedral sites (Fig. 3, lower panel, black line). To do
this, we need to subtract the intensity of the Cug 3ZrSe, spectrum multiplied by 2/(1 + 2) = 0.66 from
the intensity of the Cup2ZrSe; spectrum. As one can see from the Fig. 3, lower panel, the so-
obtained difference spectrum and Cu L, 3 XANES for Cug33TiSey, in which copper atoms occupy
only octahedral sites, are similar in shape and energy position. So, we can conclude that the shape
of the Cu L3 XANES depends on the crystallographic position of copper atoms: it is similar to that
for Cug 3ZrSe; in the case of copper atoms occupying the tetrahedral sites and to that for Cug 33 TiSe;
in the case of copper atoms occupying octahedral sites.

ResPES

Resonant photoelectron spectroscopy provides element-specific information on the energy
localization of the electronic states in a valence band. The choice of the incident photon energy
slightly larger than the binding energy of the selected core level upon excitation of the np electrons
(n =2; 3; 4) to an unfilled nd state leads to the increase in the intensity of the photoemission of d
electrons from nd metals and their compounds, resulting in a resonant electron emission.”* " This
effect is interpreted as resulting from a coherent process in which an np electron in the initial state is
excited to an empty nd level to form an intermediate bound state (np, nd). The energy of the
resonance maximum corresponds to crossover emergence (i.e., the transition from the RRAS
(resonant Raman-Auger spectra) to the normal Auger spectra).”’

Since the photoionization cross-section of the Zr 4d level (sz = 0.0493 mb) is small in
comparison with that of Se 4p*2 (sse = 0.986 mb) at a Zr 3p—4d resonance excitation energy (320—
340 eV),"® the intensity of the resonance bands is very low. Therefore, it is difficult to identify the
resonance band even analyzing the difference spectra.”® The valence band spectra almost do not
change with a change in the excitation energy for all samples (Fig. 4).

A band with a binding energy of about 3.8 eV is observed in the valence band spectra
(highlighted by gray ellipse) obtained in the Cu 3p—3d resonant excitation mode for Cug»ZrSe; (Fig.
4). This band is also observed for Cug 3ZrSe,, but its intensity is substantially weaker. Another band
is observed in a wide binding energy range (5-14 eV), the intensity of which gradually decreases
starting from Ecx. = 75 eV. The appearance of a resonant Cu 3p—3d band with E, = 3.8 eV indicates
the presence of the Cu 3d states in the valence band. The decrease in the intensity of the resonant
band mentioned above is associated with a substantially different scale of the change in the values
of the photoionization cross-section for Cu 3d, Zr 4d and Se 4p states (see Fig. 5, the values were
taken according to ref. 78). These states give the most significant contribution to the valence band
of CuxZrSe;.



The most significant change in the photoionization crosssection in the excitation energy range of
70-85 eV is observed for Zr 4d states (~30%), while for Cu 3d and Se 4p this change is less
pronounced (=10%). Since a noticeable change in the ResPES spectra is observed only for
Cup2ZrSe,, the Zr states in this material should differ from those in other CuxZrSe, (x = 0.1, 0.3)
compounds. This difference is caused by the significant occupation of the octahedral sites by the
copper atoms and, consequently, by the formation of the Zr—Cu chemical bonds in CugZrSe;.

DOS calculation

To determine the energy position of atomic states in the valence band, the partial and total densities
of states were calculated. The calculation was performed for two compositions — Cug 125ZrSe, and
Cuo25ZrSe,. To simulate the intercalation of cooper, a supercell, which contains eight ZrSe, formula
units, was used. In the case of Cug 125ZrSe, one copper atom was placed into the position in the
interlayer space, while in the case of Cug2sZrSe, two copper atoms were placed into the positions in
the interlayer space at the maximal distance from each other. The space group of the supercell P-
3m1 (164) was taken the same as for the host lattice. The lattice parameters and “‘Z’’ coordinate of
the selenium and cooper atoms were obtained from the Rietveld refinement of the diffraction
patterns for the corresponding polycrystalline samples (Table 1).

Cu s, p, d partial DOS for Cug 125ZrSe; and Cug 2sZrSe; are shown in Fig. 6a—c. The most
pronounced changes at the Fermi level are observed for the Cu p states. The Se s, p partial DOS
(Fig. 6d and e) increases proportionally with copper concentration, but the increase is nearly the
same both for s and d states. Finally, the Zr s, p, d partial DOS (Fig. 6f—h) does not show
pronounced changes either for different copper concentrations or for different states.

Magnetic susceptibility

The temperature dependencec of the magnetic susceptibility for CuxZrSe; (0.05 < x < 0.25) is of the
Pauli type (Fig. 7, left panel). This indicates the conservation of the Cu d'° configuration and allows
the density of electronic states at the Fermi level p(Er) = y/us’to be calculated (Fig. 7, right panel).
Therefore, a decrease in DOS upon copper intercalation can be interpreted as a corresponding shift
of the Fermi level, which is located in the energy gap, from the Se 4p valence band towards the Zr
4d conduction band.

As it has been shown experimentally,> the increase in the Zr 3p, Zr 3d and Se 3d binding energies
(Ep) in CuxZrSe, in the concentration range of x = 0-0.2 is caused by the 1 eV shift of the Fermi
level. At x > 0.2 the slope of the E,(X) concentration dependence sharply decreased, which was
explained by the increase in the density of states at the Fermi level, because the Fermi level reached
the bottom of the conduction band. This makes possible the estimation of the Se 4p/Zr 4d energy
gap width in the initial zirconium diselenide as approximately 1 eV, which is consistent with the
available literature data.”* On the other hand, this indicates that at x = 0 the Fermi level coincides
with or is very close to the top of the valence band. The effective mass of the holes in transition
metal dichalcogenides is much higher than that of the electrons.?’ Doping by electrons at the copper
intercalation shifts the Fermi level to the region of the Se 4p/Zr 4d energy gap. This is manifested in
the observed sharp decrease in the magnetic susceptibility. In the region of the gap, the density of
states does not drop to zero, probably due to the presence of impurity levels.



This conclusion is consistent with smooth rather than sharp concentration dependence of Er,
which was observed in ref. 55 for the copper concentration range of 0 < x < 0.2 and was associated
with the formation of the Cu 3d, 4s/Zr 4d or Cu 3d, 4s/Se 4p covalent centers. The absence of the Zr
4d contribution to the ResPES for Cug1ZrSe; and Cug 3ZrSe,, in which the main part of the copper
atoms is located in tetrahedral sites, allows us to identify these centers as Cu 3d, 4s/Se 4p ones.

Electrical properties

The temperature and concentration dependences of the electrical resistivity for CuxZrSe, are shown
in Fig. 8. The sharp decrease in the resistivity value even at small copper concentration (Fig. 8, right
panel) indicates that the intercalation leads to the electron transfer from the copper atoms to the
lattice. Semiconducting behavior of the temperature dependence of the resistivity (Fig. 8, left
panel), the decrease in the density of states at the Fermi level (Fig. 7, right panel) and the smooth
dependence of Eron the copper concentration in the copper concentration range of 0 < x < 0.2°°
indicate that the electron transfer occurs not to the conduction band but to the impurity level located
in the energy gap between the valence and conduction bands. The temperature dependence of the
normalized resistivity for Cu,ZrSe; (Fig. 8, left panel) gradually changes from the semiconducting
behavior at x < 0.2, which indicates the localized character of electrons introduced at the
intercalation process, to the metallic one at x > 0.2. This is in good agreement with the conclusion
about the covalent nature of the chemical bond between the copper ions and the host lattice based
on the analysis of the crystal and electronic structure and magnetic susceptibility. The obtained
temperature dependence of the resistivity for ZrSe; is in qualitative agreement with the previously
published data (e.g. ref. 81), in which it demonstrates the semiconducting behavior with two
activation energies: E;; = 0.0587 eV in the temperature range of 303-393 K and E;; = 0.187 eV in
the temperature range of 393-443 K. Plotting In(p/p300) vs. /T (Fig. 9, left panel), we observe
similar temperature dependences of the resistivity (however, in the other temperature regions, which
is due to the lower values of the activation energies), which could be also described using two
values of the activation energy. This suggests the presence of two types of defects that generate
impurity levels with different binding energies in the energy gap. Excess metal in the interlayer
space is the most common and stable defect in transition metal dichalcogenides. The second type of
defect can be associated with vacancies in the zirconium or selenium sublattice. Since the
conduction band is empty in undoped ZrSe,, a lower activation energy value E,; should be
associated with an acceptor level close to the top of the valence band. This level can be formed by
the Zr vacancies, probably due to the presence of Frenkel defects. The level with higher activation
energy E,» should be associated with the donor level formed by the interlayer zirconium. The
conservation of the semiconducting behavior at copper concentrations x < 0.2 indicates that the
interlayer copper atoms act like interlayer zirconium atoms and generate donor levels. The
explanation suggested is in a good agreement with the dependence of the activation energies on the
copper concentration in CuyZrSe; (Fig. 9, right panel). Actually, the energy of the lower level is
almost independent of x. This indicates the absence of the interaction of the intercalated Cu atoms
with Zr vacancies. It looks quite natural, because the nearest copper environment consists of the
selenium atoms.



The decrease in the activation energy E,, associated with the interlayer metal atoms can be
explained by the lower binding energy of the Cu*-derived level compared to the Zr**-derived one.
Moreover, the concentration of copper is much higher than the excess of zirconium. This follows
from the Zr 3p core level spectra, where we do not observe the contribution from excess Zr,> while
in ref. 54 this contribution is substantial. Inevitably, this should lead to an increase in the width of
the impurity level, which even can overlap with the conduction band as the copper concentration
increases. Probably, it is something that occurs at x > 0.2 — the band formed by the intercalated
copper overlaps with the ZrSe;, conduction band and the Fermi level goes above the energy gap, as
it follows from the calculations of the electronic structure (Fig. 6). A further increase in the copper
concentration leads to a further broadening of the impurity band and the charge transfer to the ZrSe,
conduction band. It is obvious that the impurity states formed by the copper atoms, which occupy
the tetrahedralsites, lie directly below the Fermi level. In our opinion, the proposed mechanism
explains the observed increase in the occupation of tetrahedral sites at x > 0.2.

Optical properties
Fig. 10 shows the transmission and absorption spectra (t(E) and a(E)) for the ZrSe2 and CuxZrSe2
(x = 0.05, 0.15) single crystals.

The transmission spectra for the studied single crystals are different for the undoped zirconium
diselenide and for doped ones. It is seen that for ZrSe,, the transmission increases in the low-energy
part of the spectrum, reaches the maximum at E = 0.8 eV and then decreases. For the Cu-
intercalated crystals, the transmission decreases with the energy slowly below 0.6 eV and more
quickly at higher energy. A set of peaks in the t(E) spectra for Cug osZrSe; and Cug 15ZrSe; crystals
in the low energy region can be associated with the vibrations of carbon or hydroxyl associated
molecules adsorbed on the crystal surface. The question about the nature of the IR bands in the
energy range of 0.2-0.6 eV is out of the scope of the present work. Additional investigations will be
carried out. However, one can assume that the H,O and CO molecules absorbed on the crystal
surface may contribute to the optical spectra, because all the optical spectra were obtained in air.
The presence of these molecules is usual in this case.®?

The absorption coefficient a of the initial ZrSe, is rather high. The increase of the absorption in
the high-energy region of the spectrum is associated with the beginning of the fundamental
absorption. In the low-energy region of the spectrum the absorption increases with the decrease of
the energy, and this increase begins at about 0.8 eV. This increase is not associated with the tails of
the phonon bands. As it is shown in ref. 83, the highest energy of the phonons in ZrSe; is calculated
as 255.2 cm™ (~31.6 meV). In the “‘transparency window’’ (the region of the spectrum between the
region of the interaction of the light with the optical phonons and the fundamental absorption range)
the minimal value of the absorption coefficient is about 800 cm™. The high absorption in the
“‘transparency window’’ masks the fundamental absorption edge. Such behavior of the a(E) curve
indicates the presence of the delocalized charge carriers and does not agree with the activation
character of the p(T) dependence. This can be explained supposing the nonuniform charge state:
there are some regions with a metallic character of the resistivity, which are separated from each
other. These regions can be agglomerations of the defects in the form of the interlayer zirconium
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atoms. It is well known that this type of defect is typical for layered transition metal
dichalcogenides.

The intercalation of copper into ZrSe; results in significant decrease in the absorption coefficient.
This is probably due to the compensation of the valence band holes by the electrons introduced with
copper atoms. The increase of the absorption coefficient with decreasing energy is not observed for
CuyZrSe; as it is for ZrSe,. The shape of the a(E) curve for both Cug sZrSe; and Cug 15ZrSe;
crystals is one which is typical for semiconductors. The value of the absorption coefficient near the
fundamental absorption edge is about 100 cm™ for

Cug.osZrSe, and 150 cm™ for Cug15ZrSe,. As it is shown above, the resistivity has semiconductor
character: r increases with the temperature decrease in the whole measured temperature range (10 <
T < 300 K) in initial ZrSe, and Cug gsZrSe;. In Cug 15ZrSe; the resistivity decreases with temperature
down to T ~ 150 K and increases with further cooling. The difference between optical and transport
data can be explained by assuming that copper intercalation affects the defect structure of the
material. For example, the holes generated by zirconium vacancies can be compensated by the
electrons introduced with intercalated copper.

Depending on the relative position of the extrema of the valence and conduction bands the
interband transitions are divided into direct and indirect ones. In the case of the direct transitions the
energy dependence of the absorption coefficient in the range of the optical absorption edge is
described by the relation

x = [A(ho — EZ))/ho, )
where « is the absorption coefficient, ho is the photon energy, Edg is the direct optical band gap, A

is a constant and exponent ‘n’ depends on the type of transition and may have values 1/2 (or 3/2 if
the forbidden direct transitions occur).®*

If the indirect interband transitions occur in the crystals, the determination of the indirect band
gap (E'q) must take into account the absorption and emission phonons which allow the indirect
transition. Therefore, the absorption coefficient a for a single-phonon process can be expressed as

o = [Blhw — E, + E,)")hao, 3)
where Eig is the indirect energy gap, E, is the energy of the absorbed (+) or emitted (-) phonon, m =
2 for allowed indirect transitions and m = 3 for forbidden indirect transitions.®®

Moustafa et al.% have reported both direct and indirect interband transitions for ZrSe,, although

they mentioned that all calculations were carried out using different methods.®”*° In ref. 86 the
values of direct and indirect energy gaps were estimated to be 1.2 eV and 1.6 value,
correspondingly. To conclude the type of optical transition in the crystals under study we have
plotted the experimental absorption spectra in coordinates (cho)? vs. ho, and (ahio)*? vs. ho (Fig.
11).

Fig. 11 illustrates determination of the indirect (upper panel) and direct (lower panel) band gap
values as an intersection of the straight line, which is the linear extrapolation of the experimental
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curve, with the photon energy axis (o = 0). It is seen, that the Eig values of 0.2-0.4 eV (depending
on the concentration of the intercalated copper) are too small in comparison with those estimated
theoretically®”® and with those reported in ref. 86. Moreover, it is impossible to get satisfactory
fitting of the experimental data with the phonon energy E, near 30 meV. The fitting gives much
higher value of E,. The value of the Eig increases with copper concentration, which is only possible
in the case of the ZrSe2 lattice distortion, which is in fact not observed. All of the above indicates

that the energy gap in CuxZrSe2 crystals is not indirect.

The direct energy gap values Edg were determined as the intersection of the linear extrapolation of
the (aho)® vs. ho curves with the E axis (a = 0) (Fig. 11, lower panel). The value of Edg for ZrSe2 is
estimated as about 0.8 eV and is almost independent of the copper concentration in CuxZrSe2. It
should be noted that the value of the gap for ZrSe2 is slightly underestimated, because there is
strong absorption near the absorption edge, which is possibly contributed from the charge carriers.

It is seen that for ZrSe2 the linear fit of the (ahim)? vs. i experimental points is not so good as for
Cu0.05ZrSe2 and Cu0.15ZrSe2. This can be associated with Urbach tailing of the absorption edge,
which is typical for amorphous or disordered materials and obeys the empirical expression

a = opexp(ho - Eo/Ey), 4)

where o and Eg are characteristic parameters of the material, and Ey is the Urbach energy.58 As
it is shown in ref. 85, an Urbach tail can coexist with the indirect or direct absorption edge.
Therefore, the plots of the In(a) vs. hiw near the absorption edge can be represented by an
approximated straight line for energies just below the fundamental absorption edge. It is clearly
seen on the inset in Fig. 11, lower panel, that the absorption spectrum for ZrSe2 plotted in In(a) vs.
ho coordinates is well described by the straight line. The exponential character of the absorption
coefficient in the tail of the absorption edge points to the presence of some disorder in the ZrSe;
crystal. This disorder is caused by the Zr vacancies mentioned above.

Discussion

The experimental data show a consistent picture: the intercalation of copper into ZrSe; leads to a
transition from the activation resistivity in the copper concentration range of 0 < x < 0.2 to the
metallic resistivity at x > 0.2. However, the activation energy values, calculated from the
temperature dependence of the resistivity, significantly differ from the band gap values, calculated
both from the optical absorption spectra (the current study) and from the X-ray spectroscopy data.>®
While the band gap width in the ZrSe; is approximately 0.8-1.0 eV, the activation energy does not
exceed 30 meV. The reason for this difference may be the presence of extra zirconium. This type of
defect is typical for the transition metal dichalcogenides.®* Since, according to ref. 92, the extra
zirconium atoms occupy octahedral sites in the interlayer space, its local arrangement is close to
that of zirconium within a sandwich.

However, the presence of the extra zirconium does not lead to metal conductivity. It means that
extra zirconium does not transfer its valence electrons to the conduction band. Therefore, it can be
expected that extra zirconium should create an impurity level in the ZrSe; band gap. The same

12



octahedral arrangement of this extra zirconium and zirconium in a regular lattice suggests that the
impurity level should be located very close to the bottom of the conduction band. In this case the
observed activation energy may be associated with this level, and its dependence on the copper
content indicates the interaction between copper atoms in the interlayer space. This also may be a
reason for the observed discrepancies with the optical data. The absorption optical spectra
demonstrate the fundamental absorption, and contain information about the width of the intrinsic
gap of ZrSe,, whereas the temperature dependence of the resistivity is determined by the excitation
of the electrons from the impurity level formed by the extra zirconium. The independence of the
optical gap on the copper concentration is explained by the formation of impurity states in the band
gap involving the states of intercalated copper atoms and indicates a relatively weak interaction
between the copper ions and the host lattice.

The nonmonotonic copper concentration dependence of the occupation of the tetra- and
octahedral sites by copper atoms in the studied concentration range indicates a significant change in
the electronic structure caused by the intercalation. Information about the electronic structure allows
us to understand the influence of the copper intercalation on the properties of the material.
According to our previous data, ZrSe; is a semiconductor with a direct gap of nearly 1 eV, while
the data of the current article suggest the value of the direct gap of Eq= 0.8 eV. As it can be seen
from ref. 55, the intercalation of copper leads to an increase in the Fermi energy. Moreover, the
Er(x) dependence is almost linear up to x = 0.2. The shift of the E¢ in this concentration range
equals 1 eV, which coincides with the band gap width in ZrSe,.>* This suggests that the initial
position of the Ef coincided with the top of the valence band. Therefore, a change in the slope of the
Er(x) dependence for x > 0.2°> can be associated with an increase in the density of states at the
Fermi level when it reaches the bottom of the conduction band or with the formation of an impurity
band overlapping with the conduction band. The second explanation seems to be preferable,
because if the Fermi level were in the conduction band, it would result in a significant increase in
the Pauli susceptibility and an appearance of a resonant Zr 4d peak in ResPES.

The occupation of the octahedral sites by copper in the concentration range of 0 < x < 0.2, may be
caused by the thermal activation of copper from the tetrahedral sites. This is confirmed by the
almost linear increase in the occupation of the octahedral sites with increase in copper concentration
(Fig. 2). In the octahedral sites copper atoms form mainly ionic bonds with the lattice, while in
tetrahedral sites copper atoms form covalent bonds with selenium. At x > 0.2, the impurity band of
the Cu states merges with the conduction band, so the Fermi level becomes in the conduction band.
This is confirmed by the transition from the activation resistivity at x < 0.2 to the metallic one at x >
0.2, by an increase in the density of states at the Fermi level, and by the results of calculations of the
electronic structure. At x > 0.2, the states of the copper atoms, which are tetrahedrally coordinated
by selenium, are located below the Fermi level due to more favorable arrangement of the copper
atom within the tetrahedron (see Fig. 1). This makes the occupation of the tetrahedral sites more
energetically preferable since the electrons occupy these states instead of the electron transfer to the
Fermi level in the conduction band. We suppose that it leads to an increase in the occupation of the
tetrahedral sites with an increase in x at x > 0.2.

Therefore, the reason for the significant occupation of the tetrahedral sites is the width of the
energy gap, which in ZrSe; is much higher than that for the intercalation compounds based on
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TiCh,, Ch =S, Se, Te. It can be concluded that the reason for the filling of only the octahedral sites
in AcTiCh, is the absence or small width of the energy gap between the Ch np-derived valence band
and Ti 3d-derived conduction band. The spatial orientation of the low-energy Ti 3d,; orbital, which
is directed strictly to the intercalated atom and stabilizes the Ti—A covalent bond, is a key in this
case. As soon as the width of the energy gap in Cu,ZrSe; becomes equal to that in ZrSe,, the Cu-Se
covalent bond as in binary®*** or complex®™ copper selenides becomes favorable.

It can be assumed that a similar mechanism determines the type of crystallographic position
occupied by an intercalant A in transition metal dichalcogenides MCh, with 1T crystal modification.
In the case of a wide band gap between the M nd conduction band and the Ch np valence band,
electron transfer is more favorable into the A/Ch impurity state formed by the intercalated atoms
and their tetrahedral arrangement. An alternative could be the octahedral coordination of the
intercalated atoms, accompanied by an electron transfer to the M nd conduction band. This could
lead to energy costs equal to the energy gap between the impurity states formed by the tetrahedrally
coordinated intercalated atoms and the bottom of the conduction band. If the band gap is large
enough, the energy gain due to the formation of an impurity state by tetrahedrally coordinated
intercalated atoms may turn out to be large enough to make the tetrahedral coordination of the
intercalated atoms energetically more favorable than the octahedral one. In the case of semimetallic
compounds with a small overlap of Ch np- and M nd-derived bands (e.g. about 600 meV for
TiTe, %) or compounds with a narrow Ch np—M nd band gap (e.g. 150 20 meV for TiSe,*), this
energy gain is either completely absent or negligible compared to the thermal energy of the
intercalated atoms, even at room temperature. In materials with a noticeable, but not wide yet, band
gap (e.g. TiSy, Eq= 0.5 eV,'® ZrSe,, E;= 1.1 eV*"), the energy gain at the occupation of the
tetrahedral sites is small, but quite noticeable. This leads to a strong temperature (as for Cu,TiS,) or
concentration (as for Cu,ZrSe,) dependence of the prevalent occupation of the tetrahedral or
octahedral sites. Since the band gap width in all the studied transition metal dichalcogenides
decreases with the external pressure, it can be expected that the quantum states like CDW or
superconductivity, which are typical for the materials with octahedrally coordinated intercalated
atoms, can be observed in the materials with Ch np—M nd band gap of 0.5-1 eV at an applied
external pressure. We expect that external pressure can be responsible for a change of the prevalent
tetrahedral coordination of the intercalated atoms to an octahedral one.

In contrast to many other layered compounds, ZrSe; does not have stable polymorphs. Therefore,
one can expect that the intercalation will lead to a change in the lattice parameters without change in
the local arrangement of the Zr atom. The occupation of only the positions in the van der Waals gap
by the intercalated atoms should lead to a break of the twodimensionality of the material. In this
context, the intercalation affects the properties of the layered materials in a similar way to the
pressure; the latter also leads to the rapprochement of the adjacent Ch—M-Ch layers due to the weak
interlayer interaction. Indeed, as follows from the DOS calculations, the intercalation leads to a
decrease in the Se 4p/Zr 4d energy gap width. A similar effect was observed for the InSe and GaSe
layered materials. %!

Conclusions
The experimental and theoretical study of the electronic structure of ZrSe; intercalated by copper

was performed. The nonmonotonic filling of the tetra- and octahedral sites by the copper atoms
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during the intercalation was found. The copper atoms partially move from the tetrahedral to
octahedral sites in the concentration range of x = 0-0.2. The processing of the Cu L, 3 XANES
spectra for Cug 2ZrSe; demonstrates their additive character with contributions from the Cu atoms in
the octahedral and tetrahedral sites. Cu 3p—3d ResPES indicates the increasing ionicity of the Zr—Cu
chemical bond in the case of copper atoms occupying the octahedral sites. First principles
calculations show that ZrSe, is a semiconductor with a direct energy gap. DOS calculations for
Cuo.125ZrSe; and Cug 25ZrSe; indicate that most pronounced changes at the Fermi level are observed
for the Cu 3p states. In the case of the direct optical transitions the energy gap is estimated to be Egq
= 0.8 eV and is almost independent of the copper concentration. As copper concentration increases,
the semiconductor—metal transition occurs as a result of the Cu—Se hybridization and further
saturation of this chemical bond. The impurity states involving Zr 4d electrons are formed as well
leading to a gradual shift of the Fermi level at the conservation of a direct energy gap at the G point
of the Brillouin zone.

At x > 0.2, the impurity band formed by the intercalated copper atoms overlaps with the ZrSe,
conduction band, and the Fermi level moves to the conduction band, as it follows from the
calculations of the electronic structure. Since copper forms impurity states in the Se 4p/Zr 4d energy
gap, changing its concentration we can control the energy gap width.

The effect of the lattice defects on the electronic structure gives rise to another problem. One
cannot avoid the formation of the different defects, but their concentration depends on the synthesis
procedure. The prevalent defects are the extra Zr atoms (located in the van der Waals gap), which,
in our opinion, make the main contribution to the Urbach defect absorption tail and provide the
semiconducting behavior of the resistivity with an activation energy independent of the
concentration of intercalated copper.

The observed competition between the occupation of the tetra- and octahedral sites by the copper
atoms in Cu,ZrSe; is related to the competition between the formation of the impurity states in the
Se 4p/Zr 4d energy gap on the one hand and the charge transfer from the copper atoms to the Zr 4d-
derived conduction band on the other hand. This situation is possible due to a sufficiently wide Se
4p/Zr 4d energy gap, which is much wider than those in all previously studied intercalation
compounds based on the transition metal dichalcogenides. We believe that a further increase in the
band gap width (e.g., moving from ZrSe, to ZrS, or HfSe,) will reinforce this trend by making the
tetrahedral sites absolutely favorable in comparison with the octahedral ones.
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Figures and Tables

Cu, ,ZrSe, Cu,,ZrSe,
O %  * B oZr O oo | o .
A >~ XN

Figure 1. A fragment of the crystal structure of CuxZrSe2 (x = 0.15 and 0.3). The copper atoms
are shown in tetrahedral sites. For x = 0.15 Cu atoms are located closer to the vertex of the
tetrahedron (ZCu = 0.458), for x = 0.3 — closer to the base of the tetrahedron (ZCu = 0.629).
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Figure 2. Concentration dependence of the CuxZrSe2 lattice parameters (0 < x < 0.3): (a) fraction
of the Cu atoms in the tetrahedral (left Y axis) and octahedral (right Y axis) sites; (b) z coordinate
of the Cu atom in the tetrahedral site; (c) van der Waals gap width; (d) z coordinate of the Se atom.
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Figure 3. Upper panel: Cu L2.3 XANES for CuxZrSe2. Lower panel: Difference
Cu L2.3 XANES for Cu0.2ZrSe2 and Cu L2.3 XANES for Cu0.33TiSe2.
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Figure 4. The Zr 3p3/2—4d ResPES (left panels) and Cu 3p—3d ResPES (right panels) difference
spectra for Cu0.1ZrSe2, Cu0.2ZrSe2 and Cu0.3ZrSe2 (the processing method is described in ref.
79) in the form of image plot.
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Figure 5. Relative (to the value for Eexc = 70 eV) photoionization cross-sections for Cu 3d, Zr 4d
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and Se 4p according to ref. 78 depending on the excitation energy.
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Figure 6. Cu s (a), Cu p (b), Cud (c), Se s (d), Se p (e), Zr s (f), Zr p (9), and Zr d (h) partial DOS
for Cu0.125ZrSe2 and Cu0.25ZrSe2.
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Figure 7. Left panel: Temperature dependence of the molar magnetic susceptibility for CuxZrSe2.
Right panel: Copper concentration dependence of the calculated DOS at the Fermi level.

—=—300K
—o— 5K

o pP,Q-cm

[ S

\
a

1 1 1 1 0'01 1 1 1 1 1
0 50 100 150 200 250 300 0.0 0.1 0.2 0.3 0.4

T, K x in Cu ZrSe,

Figure 8. Left panel: Temperature dependence of the resistance R normalized to the room
temperature value R300; in the inset — the image enlarged in the R/R300 axis (the units are the same
as for the main axes). Right panel: Copper concentration dependence of the conductivity for
CuxZrSe2.
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Figure 9. Left panel: The temperature dependence of the resistivity plotted in In(R/Rap) vs. 1/T
coordinates. Right panel: Activation energies E, (squares) (multiplied by 5) and Eg, (circles) as a
function of the copper concentration. Since E,; does not depend on the copper concentration and its
value is substantially lower than that of E,,, the averaged value of E,; is given as well. The errors
for all the E,; points and for Eg, points at x > 0.1 do not exceed the point size.
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Figure 10. The transmission (a) and absorption coefficient (b) for ZrSe2, Cu0.05ZrSe2 and
Cu0.15ZrSe2.
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Figure 11. Optical absorption for the crystals ZrSe,, CugsZrSe, and Cug15ZrSe; plotted as (aho)?

vs. ho for indirect transitions (upper panel) and (aho)? vs. hiw for direct transitions (lower panel).
The inset shows In(a) vs. the photon energy for ZrSe,.

a, A c, A Zse Ztetracy Fraction Cu™"™ Fraction Cu®® R, % Y
ZrSe, 3.770(1) 6.127(1) 0.2593(2) — — — 559 4.146
CuoosZrSes 3.771(1) 6.131(1) 0.2579(2) 0.68(3) 0.024(2) 0 3.24 2.841
Cuo.1ZrSe2 3.771(1) 6.130(1) 0.2584(3) 0.603(7) 0.043(2) 0.014(5) 3.45 2.732
Cuo.2ZrSe2 3.771(1) 6.131(1) 0.2592(2) 0.51(1) 0.063(4) 0.074(8) 4.36 2.352
Cuo.25ZrSe2 3.771(1) 6.130(1) 0.2586(2) 0.627(6) 0.125(2) 0 4.93 2.899
Cuo.3ZrSe2 3.771(1) 6.130(1) 0.2577(2) 0.629(4) 0.150(2) 0 3.78 2.624

Table 1. The results of the crystal structure refinement for the CuxZrSe; (0 < x < 0.3) compounds. g,
c — lattice parameters; Zs.— z-coordinate of the selenium atom; Z*", — z-coordinate of the copper
atom which occupy the tetrahedral site; fraction Cu™"™— fraction (in mol%) of the copper atoms
which occupy the tetrahedral sites; fraction Cu®®— fraction (in mol%) of the copper atoms which
occupy the octahedral sites; Re? = (Zni(Fonki” —Fenk?))/EnkFonk’; % = (Rup/Rexp)?
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