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In this article, a computational analysis has been performed on the structural properties and predominantly on the
electronic properties of the a-CuSe (klockmannite) using density functional theory. The studies in this work show that the
best structural results, in comparison to the experimental values, belong to the PBEsol-GGA and WC-GGA functionals.
However, the best results for the bulk modulus and density of states (DOSs) are related to the local density approximation
(LDA) functional. Through utilized approaches, the LDA is chosen to investigate the electronic structure. The results of
the electronic properties and geometric optimization of a-CuSe respectively show that this compound is conductive and
non-magnetic. The curvatures of the energy bands crossing the Fermi level explicitly reveal that major charge carriers in
CuSe are holes, whose density is estimated to be 0.86 x 10?% hole/cm>. In particular, the Fermi surfaces in the first Brillouin
zone demonstrate interplane conductivity between (001) planes. Moreover, the charge carriers among them are electrons
and holes simultaneously. The conductivity in CuSe is mainly due to the hybridization between the d orbitals of Cu atoms

and the p orbitals of Se atoms. The former orbitals have the dual nature of localization and itinerancy.
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1. Introduction

Research on semiconductor materials is one of the appeal-
ing topics in condensed matter physics. During years of re-
search, many compounds have been empirically investigated.
Among them, copper selenide (CuSe) is a compound in which
a variety of interesting effects were observed. The CuSe is a
slate gray mineral usually known as klockmannite.!!! During
the past few decades, various experimental efforts on natural
and synthetic mineral klockmannite have been made to deter-
mine the structural properties of this compound.!'~13] These
efforts determined the crystal structure of CuSe in three struc-
tural phases: «, B, and 7. In the early years of research on
this compound, Earley!!! and Berry!?! demonstrated that the
crystal structure of klockmannite (CuSe) is similar to covel-
lite (CuS) with the space group P63/mmc (Z = 6) and that
their compositions are the same. Nevertheless, unlike covel-
lite, klockmannite has a hexagonal superstructure.>* Tt un-
dergoes two phase transitions with thermal changes. However,
the reported transition temperatures in these efforts are differ-
ent from each other. This was reviewed in Milman’s work.[!4]
It seems that to some extent, these differences could be due to
the dependence of the results on utilized synthetic samples in
the experiments because the nature of klockmannite is unsuit-
able for the preparation of its single crystal.[?! According to
the data reported by Stolen, 3] the crystal structure of a-phase
is hexagonal at room temperature (Fig. 1) and it undergoes a
transition to a 8 orthorhombic structure at 327 K. The second-
order transition occurs with the further increase in temperature
between the 3 phase and the ¥ hexagonal phase at 410 K. The
v hexagonal has different lattice constants from the initial o
hexagonal.['*l The 7 crystal structure is stable up to almost
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652.7 K.I131 Above this temperature, the y-CuSe decomposes
into Cu,_,Se, and a liquid rich in selenium.-10)

Among the computational!! and experimental!!>! stud-
ies carried out on klockmannite, there is a major difference
for values of the bulk modulus and its pressure derivative.
In 1998, Peiris’s experiments on the compression of klock-
mannite yielded 96.9 &5 GPa for the bulk modulus using the
third-order Birch—-Murnaghan equation of state (EOS) fit.[!"]
Thereafter, in 2002, the ab initio calculation performed on
klockmannite by Milman yielded 69 GPa for the bulk modulus
of a-CuSe by employing PW-GGA pseudopotential for the
exchange—correlation functional.!'*! This difference was sig-
nificant. Hence, Milman reviewed Peiris’s experimental val-
ues and fitted the experimental data again, then he suggested
72 GPa as the empirical amount. This difference is a chal-
lenge for the experimental values of the bulk modulus and its
pressure derivative for the ¢-CuSe.

Among the studies performed on klockmannite, the
known electronic properties of CuSe bulk are based on the re-
sults of the Hall-effect experiment, which indicated the p-type
conductivity implicitly in c-CuSe!'®! and the X-ray photoelec-
tron spectroscopy (XPS) experiment that determined its elec-
tronic structure.!'”] In recent years, research on this compound
has focused more on the electronic and optical properties of
its thin films.!'"®!1 In summary, we can refer to all the spe-
cific properties of klockmannite, such as the complex crystal
structure, the interesting thermal behavior with an intermedi-
ate orthorhombic phase, the non-magnetic behavior, the metal-
lic conduction and the p-type electrical carriers. Nonetheless,
principles of these properties are still vague to some extent or
unknown. In order to understand the CuSe behavior in the
a phase and to provide reliable theoretical electronic struc-
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ture data, which are very important for using this material in
opto-electronic devices, the aim of this paper is to conduct a
comprehensive study on its electronic properties at the ground
state as well as on its structural properties obtained by ab initio
calculations based on the density functional theory. The calcu-
lations were only performed on the o phase, which is the most
stable phase of CuSe crystal. The structural properties, density
of states (DOSs), band structure and Fermi surface were also
calculated.

In Section 2, the details of calculations are described in
brief. In Section 3, our results are presented and discussed in
comparison with the available experimental data and other the-
oretical results. In Section 4, the correlation and localization
effects in 3d electrons of copper atoms are discussed. Finally,
the main results and conclusions are summarized in Section 5.

2. Calculations details

All the calculations in this work were performed within
the framework of the density functional theory (DFT)?% us-
ing the full potential augmented plane waves plus the lo-
cal orbitals (APW + lo) method implemented in the WIEN2k
package.!?1?2l To calculate the exchange—correlation func-
tional, the generalized gradient approximation PBE-GGA, 23]
PBEsol-GGA,?¥ WC-GGA?>! and the local density approx-
imation (LDA)!*®! were used. The following parameters were
used in our calculations: a mesh of 88 special k-points was
taken in the irreducible wedge of the first Brillouin zone cor-
responding to the grids of 20 x 20 x 3. The maximum of / for
expanding the Kohn—Sham wave functions in terms of lattice
harmonics inside atomic spheres was chosen to be /nax = 10.
In the interstitial region, the maximum value of the wave
vector for expanding the wave functions in terms of plane
waves was chosen to be Kpax = 8/Rmr (a.u.)~!, where Ryut
is the smallest muffin-tin radius in the unit cell. The muffin-
tin radii were chosen 2.13 (a.u.) for both Cu and Se atoms.
The charge density and the potential were expanded up to
Gmax = 14.5 (Ry)l/ 2 All these values were optimized in terms
of the total energy. The separation energy between the core
and the valence electrons has been considered to be —6.0 Ry.
The core electrons were treated fully relativistically, but the
valance electrons were treated in scalar and relativistically. In
order to increase the accuracy of the results, spin—orbit cou-
pling was considered in all calculations and optimizations.
Since the a-CuSe is the most stable crystal phase, all calcula-
tions in this work have been made in this phase with the space
group P63 /mmc.

3. Results and discussion
3.1. Structural properties

The crystal structure of «-CuSe is modified in an

anisotropic complex hexagonal with space group P63/mmc

(Z = 6) and lattice constants a = 3.938 A and ¢ = 17.25 A
(Fig. 1). In this structure, two Cuy atoms are located in posi-
tion 2d: (1/3, 2/3, 1/4), two Sey atoms in position 2¢: (2/3, 1/3,
1/4), four Cuyy atoms in position 4 f: (2/3, 1/3, Cu;) and four
Serr atoms in position 4e: (0, 0, Se.).[?! This structure could
be described as CuSes triangles surrounded by CuSe, tetrahe-
dral (Fig. 1). The structure provided an alternating structure
with the alternation of CuSe4s—CuSe3;—CuSe, layers connected
by covalent bonds between Se atoms of Cu;Se, double lay-
ers (Fig. 1). As mentioned before, the low temperature struc-
ture of klockmannite (¢-CuSe) has a hexagonal superstruc-
ture with dimensions A = (13)'/2a, C = ¢, and P63/m space
group (Z = 78) related to the inexact positioning of some cop-

per atoms in the hexagonal flat layers.>#!
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Fig. 1. (color online) (a) Crystal structure of ¢o-CuSe and its struc-
tural details with neighboring atoms (b) CuSes tetrahedral with
Cuy atoms (c) CuSes flat triangles with Cuy atoms.

In order to study the structural properties, the accuracy
of the calculated lattice parameters has been considered as the
criterion and the Peiris’ results as references for experimental
values. In order to determine the equilibrium lattice constants
of CuSe in the a-phase, the total energy of CuSe in this phase
with various unit cell volumes has been calculated using PBE—
GGA, PBEsol-GGA, WC-GGA, and LDA approaches in both
ferromagnetic and non-magnetic phases. For the structural op-
timization process, the volume and the c/a ratio are changed si-
multaneously using two-dimensional (2D)-optimized package
under the Wien2k code. This package performs a 2D struc-
ture optimization for hexagonal or tetragonal space groups by
generating a set of different structures from the viewpoint of
volume and c/a ratio simultaneously. The forces acting on
each atom are minimized to less than 1 mRy/a.u. for all struc-
tures before the optimization process. The calculated total en-
ergy versus volumes is fitted with the third order Murnaghan
(MEOS) and Birch—-Murnaghan (BMEOS) EOS. The obtained
Figs. of optimization show that energy—volume curves in the

ferromagnetic and non-magnetic phases are identical for all
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approaches. Therefore, it could be concluded that o-CuSe is a
non-magnetic compound. Table 1 shows the calculated lattice
parameters, bulk modulus, its pressure derivative, and internal
coordinate compared to experimental values as well as those of
other works. As is evident from the results, unlike LDA, the
lattice constants of PBE-GGA are much larger than the ex-
perimental values. Consequently, the equilibrium volume (Vp)
of PBE-GGA has been calculated as being much larger than
the others. This issue has a negative impact on calculating its
bulk modulus because it depends directly on the inverse of the
volume (1/Vj). It seems that the main reason for the differ-
ence between the PBE-GGA and PW-GGA bulk modulus in
Milman’s work with experimental values is the difference of
the calculated Vj for these two methods with the experimental
Vo. Because all results of PBE-GGA are incompatible with
the experimental values, it could be deduced that the PBE—
GGA functional is unsuitable for calculating structural prop-
erties of a-CuSe. Although other modified versions of GGA,
such as PBEsol-GGA and WC-GGA, give better values in

quantitative agreement with the experimental values specially
for lattice parameters, among these approaches, PBEsol-GGA
and WC-GGA are the best candidates for the study of the -
CuSe structural properties with the lattice parameters criterion.
Howeyver, the best value of the bulk modulus is obtained from
LDA that is in good agreement with Peiris’ experimental val-
ues. Since the experimental data are mostly obtained at room
temperature and the calculated data are obtained under abso-
lute zero temperature, it appears that a decrease in the calcu-
lated equilibrium volume is natural. If this issue is accepted
as a fact, then one can claim that LDA values are very good
for the bulk modulus and in good agreement with Peiris’ val-
ues. In summary, the calculated values of the bulk modulus
depend simultaneously on two main factors: the curve slope
of energy—volume and the ratio of 1/Vp. It seems that because
the Vp of LDA is smaller than the V;y of the PBEsol-GGA or
WC-GGA functionals, the LDA bulk modulus is larger than
the other two.

Table 1. Calculated values of the lattice parameters, bulk modulus (B), and its pressure derivatives (B'), also the internal coordinates of atoms

in comparison to the experimental values and those obtained in other works.

Lattice parameters BMEOS MEOS Internal coordinate
Approaches
alA c/A Vol A3 B/Gpa B B/Gpa B Se.r Cu
LDA 3.905 16.956  223.961 86.53 481 86.17 450 0.071 0.109
PBE-GGA 4.018 17.531  245.073 67.06 459 68.62 4.08 0.070 0.109
WC-GGA 3.951 17.183 232325 78.57 4.69 7930 427 0.070 0.109
PBEsol-GGA 3.947 17.167  231.650 78.64 4.69 79.27 428 0.070 0.108
PW-GGA U4 3.975 17.355 237.481 69 5.1
Revised values!!4] 72 4.6
Exp!?! 3.938 17.250  231.670 96.9+5 41405 0.066 0.107

As a result of the values of PBEsol-GGA and WC-GGA
as well as LDA, one could reject Milman’s revised values
because they are produced to be compatible with the PW-
GGA results. However, our results, that are based on the full-
potential method, reject the PW—GGA results, which are based
on pseudo-potential methods. Hence, the criterion for the bulk
modulus will be Peiris’ values henceforth, unless a new inves-
tigation is carried out on compression of klockmannite with
more accuracy and new values are reported for these quanti-
ties. Finally, we can claim that in this work, the calculated
results of a-CuSe bulk modulus have improved by PBEsol—
GGA and WC-GGA than PW-GGA as well as by LDA, which
is in good agreement with the Peiris’ values.

At the end of structural studies, again a full structural re-
laxation was performed with the criterion of 1 mRy/a.u. on
the exerted forces using their calculated lattice constants for
each approach. At this stage, the internal coordinates of atoms
are specified and presented in Table 1. Whereas the forces are
minimized in this construction, the electronic properties can
be found by turning off the relaxations and driving the system
to achieve self-consistency.

3.2. Electronic properties
3.2.1. Density of states and band structure

In this section, the electronic properties of this compound
were initially calculated with all the above mentioned ap-
proaches. The results showed that all these approaches have
almost the same behavior in electronic properties. However,
among them, the LDA has the best agreement in total DOSs
with the experimental data (Section 4). Hence, LDA is cho-
sen to investigate the electronic properties. In order to study
the electronic characteristics, the total and the partial DOSs of
a-CuSe in the energy region from —6.5 eV to above Fermi en-
ergy are plotted in Fig. 2. The Fermi energy (Ey) is set at zero
as a reference. Because the CuSe compound is non-magnetic,
the DOSs are displayed in a non-spin polarized manner. As
it is clear from Fig. 2(a), the value of total DOS (TDOS) at
the Fermi level is non-zero, indicating that the compound is
a conductor. In addition, the DOS for each of the four base
atoms has a non-zero value on the Fermi energy (Fig. 2(b)).
Hence, all atoms are involved in the conductivity. These con-
tributions are mainly related to d orbitals of Cu atoms and p

127102-3



Chin. Phys. B Vol. 22, No. 12 (2013) 127102

orbitals of Se atoms (Figs. 2(c), 2(d), 2(e), and 2(f)). Other s
and p orbitals of Cu atoms and s orbitals of Se atoms have a
very small contribution in the DOS near the Fermi level. Fig-
ures 2(b) and 2(c) clearly show that the largest contribution of
the total DOS near the Fermi level comes from Cu atoms. The
conductivity in CuSe is due to the hybridization of neighbor-
ing atoms near the Fermi energy (Figs. 2(g), 2(h), and 2(i)). To
discover which partial orbitals participated in the conduction,
the partial DOSs (PDOS) are studied. Figures 2(j) to 2(m)
indicate PDOSs of different Cu and Se atoms, which include

60 12

the d orbitals of Cuy and Cuyy as well as the p orbitals of Sep
and Sey. As Figs. 2(j) and 2(k) illustrate, the dy, and dxzyz or-
bitals of Cuy atoms and the dyy, d;, d,;, and dxzyz orbitals of
the Cuyy atoms cross the Fermi level. In addition, the py and
py orbitals of Se atoms cross the Fermi level (Figs. 2(I) and
2(m)). Hence, these partial orbitals have considerable effects
on the conductivity of this compound. However, other orbitals
do not have a considerable role in conduction. Consequently,
they are probably involved in bonding and are localized.
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Fig. 2. (color online) Total DOS (TDOS) and partial DOSs (PDOSs) of o-CuSe, whose Fermi energy is set as zero.
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Figures 2(n) and 2(o) demonstrate that different partial or-
bitals of Cu and Se atoms have a similar trend near the Fermi
level, which is a consequence of the hybridization among
them. It should be noted that as a general rule, two orbitals are
hybrids, providing that their DOSs have the following condi-
tions.

(i) Two neighboring atoms must be close together to the
extent that their atomic orbitals can overlap effectively.

(i) Two orbitals that are hybrids must have similar be-
havior in an energy range near the Fermi level. On the other
hand, any similar trend of PDOS at the low energy range away
from the Fermi level does not demonstrate hybridization.

(iii) Partial orbitals of two different atoms should be able
to interact head to head or side by side. Thus, they can overlap
and link together.

Regarding the points mentioned above, the hybridization
of the orbitals in CuSe could be divided into two different
kinds.

i) Hybridizations that occur near the Fermi level in the
energy range [—0.5, 0] eV and cause conductivity in this com-
pound. These hybridizations occur between the neighboring
Cuy and Sey atoms (Fig. 2(g)), neighboring Sey; and Cuyy atoms
(Fig. 2(h)), and Cuy and Se; (Fig. 2(i)). They also occur be-
tween (dxzyz, dyy) orbitals of Cuy atoms with (p,, py) orbitals
of Se; atoms and between (dxz),z, dyy, dyz, dy,) orbitals of Cuy
atoms with (py, py) orbitals of Se; and Seyy atoms.

ii) Hybridizations occur in the energy range [—6,
This
means that orbitals do not participate in the conduction and

—0.5] eV. These hybridizations cause atomic bonds.

are localized. They occur for the following orbitals.

a) (dy; +dy; +d2) orbitals of Cuy atoms hybridized with
p. orbital of Sey atoms. These atoms are adjacent in hexagonal
flat layers (Fig. 1). As it is clear from Fig. 2(n), these orbitals
have been localized and do not cross the Fermi level. Accord-
ing to the spatial orientation of these orbitals, they bond to-
gether side by side diagonally. Hence, the formation of a delta
covalent bond (8) between these atoms is possible.

b) The p, orbitals of Sey atoms hybridized together head
to head leading to the formation of a sigma covalent bond (o)
between these atoms.

¢) Figure 2(0) shows (d,2» + dyy +dy; +dy) orbitals of
the Cuy atoms with the (px, py) orbitals of Seyy atoms in the
range [—6, 0] eV. As it is evident from this Fig., PDOSs have
a similar trend in most areas. Hence, their hybridization is
possible. Due to a lack of sufficient evidence, determining the
type of bond between Cuy; and Sey; atoms requires more cal-
culations and careful considerations.

Figure 3 shows the band structure of CuSe with LDA
along different high-symmetry directions in the first Brillouin
zone of the hexagonal lattice. As it is clear from this Fig.,
near the Fermi energy, the energy bands are divided into two
parts. The first is from —6.4 eV to —3.4 eV and the second
is from —3.1 eV to above the Fermi level. These two sections

have an internal energy gap of about 0.3 eV. The bands of the
second section cross the Fermi level, causing the conductivity
in this compound. As is evident from this Fig., eight energy
bands cross the Fermi level. These eight bands correspond to
bands numbered 93 to 100, in which there are 14 electrons (Ta-
ble 2). The occupation numbers of electrons and holes (Epym
and Hy,m) in these bands are presented in Table 2. The Eyym
shows that these eight bands have different occupation num-
bers and E,,, decreases with the increase in the bands num-
ber. The occupation numbers of bands crossing the Fermi level
demonstrate the numbers of electrons and holes in the Fermi
surface. Because all atoms in the compound participate in con-
duction, they contribute to these eight bands. Nevertheless, the
d orbitals of Cu and the p orbitals of Se have more of a con-
tribution to these bands. Slightly lower, in the energy range of
—3.0eV to —2.0 eV, the energy bands are almost flat; hence,
the densities of states in this energy region are highly degener-
ate. These energy bands are mainly related to the d orbitals of
Cu atoms; the effective mass of the electrons is much larger.
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Fig. 3. (color online) The band structure of CuSe with LDA and the first
Brillouin zone of the hexagonal lattice.

As is obvious from the shape of Fermi bands, the cur-
vature of energy bands crossing the Fermi level is down-
ward; consequently, the charge carriers have a negative ef-
fective mass. This means that the conductivity in this com-
pound is caused by holes compatible with the experimental
results.[16:17] According to Table 2, there are 14 electrons
in eight bands, so the number of holes is nearly two holes
per unit cell. Hence, the hole’s density is estimated to be
0.86 x 10?2 hole/cm?. In addition, bands crossing the Fermi

level in the vicinity of the G point are related to the (100),
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(110), (011), and (111) crystal planes. Thus, there is conduc-
tivity between each of these crystal planes, but in the direction
of G to A, i.e. the normal direction of (001) crystal planes set,
the bands are above the Fermi level. Therefore, to clarify the
interplane conductivity between (001) planes, the Fermi sur-
face of CuSe is investigated in the next section.

Table 2. Electrons and holes occupation numbers (Epym and Hpym) in
valence bands crossing the Fermi level.

Valence bands Minimum energy of Maximum energy of

number valence bands/eV  valence bands/eV Evom - Hoom
93 —2.024 0.288 1.952 0.048
94 —1.983 0.356 1.928 0.072
95 —1.861 0.410 1.872 0.128
96 —1.847 0.533 1.849 0.151
97 —1.344 0.641 1.796 0.204
98 —1.260 0.723 1.720 0.280
99 —0.963 0.859 1.530 0.470
100 —0.746 0.886 1.353 0.647
Total occupation number of valence bands 14.000 2.000

3.2.2. Fermi surface of CuSe

Figure 4 displays the calculated Fermi surface of CuSe
with the LDA method. These surfaces consist of eight quasi-
cylindrical sheets, all located coaxially around the direction of
G to A (Fig. 3). Each of these surfaces corresponds to one
of the energy bands that crosses the Fermi level from num-
ber 93 to 100. Radii of these quasi-cylindrical sheets increase
with the increase in bands numbers. The formation of these
surfaces is due to the p—d hybridization between Se and Cu
neighboring atoms on the Fermi energy. It should be noted
that the total volume surrounded by each sheet, related to one
band, depends only on the number of charge carriers in its
band. Thus, the ratio of the surrounding volume of each sheet
to the volume of the first Brillouin zone is equal to the amount
of charge carriers in the band. As it is apparent from Table 2,
the electron occupation numbers of the bands in CuSe are in
contradiction to this point. Obviously, the lower bands have
larger electron occupation numbers. However, as shown in
Fig. 4, the lower bands have lower volumes in the first Bril-
louin zone. This contradiction is due to the fact that the main

charge carriers in the compound are holes. For example, the
volume of the sheet related to band number 100 is nearly one
third of the first Brillouin zone volume, which is compatible
with the hole occupation number in this band (Table 2). There-
fore, comparing the occupation numbers of the bands with the
volume of the Fermi surface, one can recognize the type of
charge carriers in the compound. This result is also compati-
ble with the curvature of bands near the Fermi level (Fig. 3).
As mentioned in the previous section, the energy bands
along the G to A direction are above the Fermi level. Hence,
to investigate the conductivity between the (001) planes set,
we have considered the shape of sheets along the G to A direc-
tion. Figure 4 shows the Fermi surfaces creating open circuits
around this direction. The Fermi surfaces do not cross the G
to A direction, but they cross other directions parallel to the
G to A direction. Hence, the interplane conductivity is due to
both electrons and holes simultaneously as a result of the open
circuits around the (001) direction. This simultaneity of carri-
ers arises from the smaller contribution of the electrons on the
Fermi level in the z direction rather than in the other directions.
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Fig. 4. (color online) Fermi surfaces of the CuSe with LDA in the
first Brillouin zone of the hexagonal lattice for the bands 93 to 100;
all surfaces are quasi coaxially cylindrical around the direction of
GtoA.

121 (b —e— LDA+U _»
60 . (b) /'/
> .
451 6 ,/
3 o
304 0 7/‘

TDOS of LDA+U/(state/eV)

(@) —_U=0ev
——U=1eV
U=2¢eV

—— U=3¢eV
— U=4¢eV

Energy/eV

Fig. 5. (color online) (a) Total DOS for several LDA + U approximations with U = 0 to 5 eV. (b) Changing the total energy of the
system for different Hubbard parameters in the LDA + U method, the total energy of LDA is set as zero energy as: E = E; pa+v — ELDA-
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4. Correlation and localization effects in 3d elec-
trons of Cu atoms

In the last section, we mentioned that the 3d-Cu orbitals
in CuSe have the main contribution in the DOS near the Fermi
level and in the electrical conductivity. Hence, in this section,
we investigate the correlation effects on these orbitals and on
the compound’s conductivity. In order to study these effects,
the Hubbard correction has been used. Therefore, the elec-
tronic structure of the compound, with the LDA + U method,
is calculated using different values of Hubbard parameters, U,
from U =1 eV to 5 eV. In Fig. 5(a), the total DOSs with the
LDA and the LDA + U method with different values of U are
presented. As is evident from this Fig., by applying the Hub-
bard correction on 3d orbitals of Cu atoms, the main peaks of
the DOSs are pushed toward the inner layers. Nevertheless,
the amount of DOSs have not changed near the Fermi level.
Hence, it could be concluded that the conductivity in CuSe is
not sensitive to the correlated effects for all the selected values
of U. Whereas by considering the correlation effects on or-
bitals of 3d-Cu, these orbitals recede from the Fermi level and
are placed in lower energies; it is expected that the energy level
of the system decreases. To examine this issue, in Fig. 5(b),
the total energy of the system is calculated with different Hub-
bard parameters in the LDA + U method. From Fig. 5(b), it is
clear that contrary to our expectation, the total energy of the
system increases with the increase in the Hubbard parameter
near-linearly. Since, among these energies, the least energy
is related to LDA, it could be deduced as an opinion that 3d
orbitals of Cu atoms in this compound are not correlated, or
the correlation effects in these orbitals are very little. In other
words, probably CuSe is not a correlated compound owing to
the fact that the strong correlation effects in materials are gen-
erally more important in f-orbitals than d-orbitals. Especially
in CuSe, that 3d-Cu orbitals are almost filled. From a different
point of view, it could be an appropriate opinion if the peaks of
calculated and experimental DOSs have acceptable agreement
together. In order to investigate this opinion, the calculated
and experimental!!”! DOSs are compared in Fig. 6. The exper-
imental DOS is extracted from Folmer’s work, which was done
on experimental DOS of some copper selenide compounds. In
this work, the main peak of the CuSe experimental DOS was
reported about 3 eV under the Fermi level. 171 Hence, to com-
pare the exact value of its peak with this work, the horizontal
axis of the experimental DOS curve is rescaled with the com-
puter. The exact position of the experimental and calculated
peak of DOSs were obtained about 2.61 eV and 2.56 eV under
the Fermi level, respectively. These results are in good quanti-
tative agreement together; hence, this opinion is illustrated by
another method. Moreover, it could be deduced that LDA is a
good approximation to describe the electronic structure of this
compound. Because of the extension of the d-orbitals of Cu
atoms up to the Fermi level as well as their main contribution
in the DOS near the Fermi level, it could be deduced that these

orbitals have the dual property of localization and itinerancy.
Thus, a successful description of the electronic structure of -
CuSe by LDA is very appealing because this simple approach
is based on the behavior of the uniform electron gas. We be-
lieve that there are mainly two reasons for duality in the nature
of 3d-electrons of Cu atoms near the Fermi energy.

(I) According to experimental results,!!”) the ionization
numbers of Cu nucleons in a-CuSe are Cu'*. Since the elec-
tronic configuration of the copper atoms is [Ar]3d!%4s!, the 3d
orbitals of Cu atoms in CuSe are almost filled. In addition, our
calculations show that the ionization numbers of Cu nucleons
are fewer than one positive charge. Hence, a small charge on
copper nucleons has a minor effect on the contraction of 3d
orbitals and their localization.

(I) The second reason, more important than the first
one, is based on the mechanism of hybridizations near the
Fermi level (Subsubsection 3.2.1). The p—d hybridizations
near the Fermi energy cause conductivity between Cu and Se
atoms. This hybridization is the consequence of the attraction
of partial-empty p orbitals of Se atoms on d orbitals of Cu
atoms. Thus, these orbitals are extensive up to the Fermi level
and find a dual nature between localized and itinerant states.

total DOS—LDA
total DOS—EXP

Energy/eV

Fig. 6. (color online) The calculated and experimentalm] DOSs
are compared and the Fermi energy is set as zero energy.

5. Conclusions

In this work, a computational investigation on the struc-
tural and predominantly on the electronic properties of the a-
phase of klockmannite (-CuSe) has been performed using
density functional theory. The generalized gradient approxi-
mations PBE-GGA, PBEsol-GGA, WC-GGA, and also the
local density approximation (LDA) have been used to calcu-
late the structural properties of this compound. Our studies
show that the PBE-GGA functional yields incompatible re-
sults with experimental values for the structural properties of
a-CuSe. It seems that this difference in results could proceed
from the weakness of PBE-GGA and probably PW-GGA in
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Milman’s work for calculating the minimum volume, Vp, of
o-CuSe. Hence, it is deduced that the PBE-GGA functional
is not suitable for calculating the structural properties of o-
CuSe. Among these approaches, the consequences of PBEsol—
GGA and WC-GGA are better than the LDA approach to cal-
culate the structural properties when the criterion is consid-
ered as accurate as the calculated lattice parameters. Never-
theless, the best value for the bulk modulus is related to the
LDA functional, which is in good agreement with the experi-
mental value.

In the initial studies of electronic properties, the LDA
showed that it has better DOS results for a-CuSe with respect
to the experimental results. Therefore, the LDA is chosen to
investigate the electronic structure. The results of electronic
properties and geometric optimization of ¢-CuSe, respec-
tively demonstrated that this compound is conductive and non-
magnetic. The curvature of energy bands crossing the Fermi
level illustrates that the major charge carriers in CuSe are
holes, whose density is estimated to be 0.86 x 1022 hole/cm?.
The bands around the G point, crossing the Fermi energy, are
related to the (100), (110), (011), and (111) planes set. These
bands show that there is conductivity among them. In partic-
ular, the Fermi surfaces in the first Brillouin zone demonstrate
the interplane conductivity between (001) planes. Moreover,
the charge carriers are electrons and holes between the planes
simultaneously as a result of fewer Fermi electrons in the (001)
direction in comparison to other directions. The DOSs near the
Fermi energy are mainly because of the d orbitals of Cu atoms
and p orbitals of Se atoms. Also, the conductivity in CuSe is
mainly due to the hybridization between the d orbitals of Cu
atoms and the p orbitals of Se atoms. The d orbitals of Cu
atoms in the energy range of —3.0 eV to —2.0 eV are highly
localized, but they are extended up to the Fermi level. These
properties indicate the dual nature of the localization and itin-
erancy in these electrons. The itinerant feature of d orbitals is
mainly due to the attraction of partially-empty p orbitals of Se
atoms on d orbitals of Cu atoms.
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