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Structural, electronic, magnetic, and optical
properties of CuMnInSe3 chalcogenide compound
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Using density functional theory in conjunction with the FP-LAPW method under the generalized gradient approximation, specifically em-
ploying the Perdew 2008 functional GGA-PBEsol, spin-polarized density functional theory computations were conducted to investigate the
structural, electronic, and magnetic properties of the quaternary chalcogenide CuMnInSe3 crystal. Both experimental findings and the cal-
culated equilibrium structural parameters exhibit strong concordance. Through an analysis of the spin-polarized band structures and density
of states, the half-metallic nature of the studied compound was predicted, characterized by a total magnetic moment of 6µB per unit cell and
an energy gap of 0.644 eV. Furthermore, it was observed that the electronic structure is more accurately represented when incorporating the
electronic exchange-correlation via the Tran–Blaha modified Becke–Johnson (TB-mBJ) potential, which was employed to precisely com-
pute the band gap of the compound, resulting in an indirect band gap(X–Γ) of 1.546 eV. Optical properties were predicted by analyzing the
spectra of the real and imaginary components of the permittivity, the reflectivity function, and the absorption coefficient. These calculations
suggest that this material has potential as an effective ultraviolet sensor.
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1. Introduction

CuMnInSe3 is an emerging multifunctional semiconductor
combining semiconducting and magnetic properties. It be-
longs to the I–II–III–VI3 family of chalcogenides, materials
well known for their adjustable band gaps, significant spin–
orbit coupling, and varied magnetic behavior, which make
them promising candidates for spintronics, nonlinear optics,
and optoelectronic technologies [1,2].

The crystal structure of CuMnInSe3 has been exper-
imentally characterized through X-ray powder diffraction
analysis [3, 4]. The compound crystallizes in a tetragonal
phase that is closely related to the chalcopyrite structure of
CuInSe2. In this structure, the symmetry is reduced from
the I 4̄2d space group to the closely relatedP 4̄2c space
group, which is isostructural with CuFeInSe3 and belongs
to the sphalerite-derived structural family [5]. Specifically,
CuMnInSe3 adopts a chalcopyrite-type tetragonal structure
(space group No. 112) with lattice parametersa = 5.7907 Å,
c = 11.648 Å, andV = 390.58 Å3. These values are very
similar to those reported for CuInSe2 (a = 5.781(1) Å and
c = 11.642(3) Å) [6,7].

Even though CuMnInSe3 has received considerably less
attention than its parent compound CuInSe2, it represents
a valuable system for studying diluted magnetic semicon-
ductors and holds potential for future technological applica-
tions [8]. While some structural data are available, its elec-

tronic and magnetic characteristics are still not well estab-
lished. This gap provides the basis for the present theoretical
study, which seeks to investigate the impact of Mn incorpora-
tion on structural stability, electronic behavior, and magnetic
properties, in order to better understand its multifunctional
character and possible applications.

The paper is organized as follows: Section 2 presents
the computational details. The findings and their subsequent
analysis are presented in Sec. 3. Finally, Sec. 4 summarizes
the main conclusions of this study.

2. Computational details

The present study was performed using first-principles cal-
culations within the framework of density functional the-
ory (DFT), as incorporated in the WIEN2k computational
package [9]. The calculations relied on the full-potential
linearized augmented plane wave (FP-LAPW) method [10],
which constitutes the foundation of the presentab initio
analysis. The structural properties were thoroughly investi-
gated using the generalized gradient approximation for solids
(GGA-PBEsol) [11] to describe exchange–correlation ef-
fects, as this functional is recognized for its enhanced accu-
racy in solid-state systems.

To achieve a more accurate description of the elec-
tronic structure, the Tran–Blaha modified Becke–Johnson
(TB-mBJ) potential [12] was employed in addition to the
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GGA-PBEsol functional. Implemented within the WIEN2k
framework, the TB-mBJ potential has been shown to signifi-
cantly improve the prediction of band gaps in semiconductors
and insulators compared with conventional GGA functionals
such as PBE or PBEsol, particularly for materials containing
localizedd- andf -electrons [13]. Consequently, this poten-
tial was adopted to obtain a more reliable estimation of the
band-gap energy by reducing the well-known underestima-
tion associated with standard GGA approaches, and to pro-
vide a more accurate description of the electronic band struc-
ture and density of states of CuMnInSe3, which contains a
transition metal with partially occupied 3d states.

In this approach, the crystal unit cell is divided into non-
overlapping muffin-tin (MT) spheres and an interstitial region
separating them. The muffin-tin radii (RMT) for Cu, Mn, In,
and Se atoms were set to 2.11, 2.11, 1.99, and 2.00 bohr,
respectively. The basic functions were partitioned into core
and valence states, using an energy cutoff of−6.0 Ry to dif-
ferentiate between the two regions. The Kohn–Sham equa-
tions were solved self-consistently. The core states were
treated assuming a spherically symmetric charge density con-
fined within the MT spheres, where only the spherical com-
ponent of the potential was considered. For the valence
states, the potential was expanded in spherical harmonics
inside the spheres up tolmax = 10. In the interstitial re-
gion, the wave functions were represented by plane waves.
Brillouin zone integrations [14] were performed using 63
k-points in the irreducible Brillouin zone (IBZ), generated
from a12 × 12 × 6 Monkhorst–Pack grid. Self-consistency
was considered achieved when the total energy convergence
reached a threshold smaller than10−5 eV.

3. Results and discussion

3.1. Analysis of structural properties

The CuMnInSe3 compound adopts a tetragonal crystal struc-
ture belonging to the space groupP 4̄2c (No. 112) with two
formula units per unit cell (Z = 2) [3, 4]. The unit cell of
the investigated material is illustrated in Fig. 1.

The total energy as a function of unit-cell volume
was computed for the non-magnetic (NM), antiferromag-
netic (AFM), and ferromagnetic (FM) configurations of
CuMnInSe3. The resulting energy–volume data were fitted

FIGURE 1. Representation of the CuMnInSe3 chalcogenide crystal
structure.

to the third-order Birch–Murnaghan equation of state [15], as
presented in Fig. 2, to extract the equilibrium structural pa-
rameters comprising the equilibrium volume (V0), the bulk
modulus (B), and the pressure derivative (B′) of the bulk
modulus.

A comparison of the total energies shows that the AFM
configuration is more stable than the NM state, whereas the
FM configuration possesses the lowest total energy among
the considered magnetic arrangements. These results indi-
cate that the ferromagnetic configuration corresponds to the
magnetic ground state of the compound. The stabilization of
this magnetic state mainly originates from the exchange in-
teractions associated with the Mn3d electrons. Furthermore,
the lattice parameters obtained for the FM ground state show
excellent agreement with the available experimental data.

The optimized structural parameters, including the re-
laxed atomic positions, equilibrium lattice constants (a, c,
and c/a), equilibrium unit-cell volume (V0), bulk modulus
(B), and pressure derivative (B′), are listed in Table I. The
relative deviations between the calculated and experimental
lattice constants are less than 1.90% and 3.50% fora andc,
respectively, confirming the structural stability of the tetrag-
onal phase. These values are also comparable to those of the
parent chalcopyrite compound CuInSe2 [7], indicating that
Mn incorporation does not significantly affect the unit-cell
volume.

TABLE I. Equilibrium structural parameters: lattice constantsa (Å) andc (Å), ratio c/a, equilibrium volume per formula unitV0 (Å3), bulk
modulusB (GPa), pressure derivativeB′, and relaxed atomic positions for CuMnInSe3.

a c c/a V0 B B′ Atom Site x/a y/b

CuMnInSe3 5.68 11.24 1.98 362.629 56.375 5.475 Cu 2c 0 1/2

5.7907a 11.648a 2.01a 390.58a – – Mn 2e 0 0

In 2b 1/2 0

Se 8n 0.2509 (0.227a) 0.2553 (0.255a)
aRef. [3]
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FIGURE 2. Total energy as a function of the unit-cell volume for CuMnInSe3 calculated for different magnetic configurations: non-magnetic
(NM), antiferromagnetic (AFM), and ferromagnetic (FM).

To the best of our knowledge, this work provides the first
reported estimates of the bulk modulus (B = 56.375 GPa)
and its pressure derivative (B′ = 5.475) for CuMnInSe3. The
relatively moderate value ofB indicates that the material is
mechanically soft and exhibits appreciable compressibility,
while B′ reflects the variation of compressibility under ap-
plied pressure.

3.2. Electronic structure and magnetic behavior

The electronic and magnetic characteristics of CuMnInSe3

were analyzed using spin-polarized calculations. The elec-
tronic properties of a crystalline material can be assessed
through its band structure and density of states (DOS), which
together provide detailed insight into its electronic behavior.

Spin-polarized total DOS and band structures were com-
puted using the FP-LAPW method within the GGA-PBEsol
and TB-mBJ frameworks, at the optimized equilibrium ge-
ometry. The band structures were plotted along the high-
symmetry directions of the first Brillouin zone of the tetrag-

FIGURE 3. Electronic band structure of CuMnInSe3 chalcogenide
calculated by GGA-PBEsol.

FIGURE 4. Electronic band structure of CuMnInSe3 chalcogenide
calculated by TB-mBJ.

onal lattice, separately for majority (spin-up) and minor-
ity (spin-down) channels, as shown in Figs. 3 and 4. The
asymmetric distribution of spin-up and spin-down states con-
firms that CuMnInSe3 is not paramagnetic. In the majority-
spin channel, several bands cross the Fermi level, resulting
in a high DOS and indicating metallic behavior. In con-
trast, the minority-spin channel exhibits a clear energy gap
around the Fermi level, characteristic of semiconducting be-
havior. This combination confirms the half-metallic character
of CuMnInSe3.

The spin-resolved partial DOS, illustrated in Fig. 5, fur-
ther clarifies the elemental contributions near the Fermi level.
The3d states of Cu and Mn dominate the top of the valence
band for both spin channels, highlighting their crucial role in
shaping the electronic properties of CuMnInSe3. Conversely,
the 3p states of Cu and Se contribute very little in this en-
ergy range. In the conduction band, the spin-down3d states
of Mn overwhelmingly dominate, with minimal participation
from other atomic orbitals.
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FIGURE 5. Calculated partial and total density of states of CuMnInSe3 chalcogenide obtained by TB-mBJ.

TABLE II. Band gap energyEg (eV), total and partial magnetic moments (µB) for CuMnInSe3 chalcogenide.

Eg (eV) µTot µCu µMn µIn µSe

GGA-PBEsol 0.644 6.0025 −0.1407 3.18152 0.03756 −0.03756

TB-mBJ 1.546 6.002 −0.2707 3.11252 0.01756 −0.14756

The calculated band gap is indirect, with the valence band
maximum located at theM point and the conduction band
minimum at theΓ point. While the overall band-structure
features obtained from GGA-PBEsol and TB-mBJ function-
als are similar, the predicted band-gap values differ signif-
icantly, emphasizing the importance of the TB-mBJ poten-
tial for accurate band-gap estimation in systems con-
taining transition-metal3d states. Both Cu (3d10) and Mn
(3d5) atoms have partially filledd-orbitals, which are prone
to self-interaction errors in standard DFT. The Tran–Blaha
TB-mBJ potential addresses this issue by introducing a semi-
local approximation to the exchange potential, better repro-
ducing the derivative discontinuity of the total energy with
respect to electron number [12, 16]. For CuMnInSe3, the
GGA-PBEsol functional predicts a minority-spin band gap of
0.644 eV, while the inclusion of the mBJ correction increases
it to 1.546 eV, bringing it closer to the range observed in re-
lated chalcopyrite compounds. The total magnetic moment
remains nearly constant at∼ 6 µB per unit cell, confirming
the robustness of the magnetic configuration.

The energy-dependent spin polarization at the Fermi level
P (EF ) provides important information about the electronic
behavior of a material. For half-metallic systems,P (EF )
reaches unity (100%) [17,18]. It is defined as

P (EF ) =
ρ↑(EF )− ρ↓(EF )
ρ↑(EF ) + ρ↓(EF )

, (1)

whereρ↑(EF ) andρ↓(EF ) are the total densities of states
for spin-up and spin-down electrons at the Fermi level, re-
spectively.

The electrons at the Fermi level are completely spin-
polarized (100%), sinceρ↓(EF ) = 0, as illustrated in Fig. 5,
confirming that CuMnInSe3 exhibits half-metallic behavior.

The total magnetic moment (inµB) is defined as the dif-
ference between the number of occupied spin-up and spin-
down states [18]. The atomic magnetic moments of Cu,

Mn, In, and Se, along with the total integer magnetic mo-
mentµtot of CuMnInSe3, were calculated using both the TB-
mBJ and GGA-PBEsol methods and are summarized in Ta-
ble II. Our results yield a total spin magnetic moment of6 µB

per unit cell from both computational approaches, satisfying
the requirement for half-metallic materials [17]. Specifically,
the Mn atom exhibits a magnetic moment of approximately
3.182 µB within GGA-PBEsol and3.113 µB using the TB-
mBJ approach. In contrast, Cu and Se atoms display small
negative magnetic moments, while In atoms contribute only
a very weak magnetic moment.

3.3. Optical properties and analysis

The optical properties of a solid describe the response of a
material to incident electromagnetic radiation, leading to po-
larization effects and the excitation of conduction electrons.
The interaction between photons and the electronic structure
results in energy loss and charge polarization, constituting the
optical response of the system. This can be described by the
complex dielectric function

εαβ(ω) = εαβ
1 (ω) + i εαβ

2 (ω), α, β = x, y, z. (2)

The crystal symmetry of the compound implies the fol-
lowing relations for the dielectric tensor components:

εxx
i (ω) = εyy

i (ω) ≡ ε
‖
i (ω), εzz

i (ω) ≡ ε⊥i (ω). (3)

TABLE III. Energy ranges for the real partε
xx(zz)
1 of the dielectric

function.

ε1 < 0 (eV) ε1 > 0 (eV) ε1 = 0 (eV)

E ‖ xx 0.48-0.942,> 8.50 0.942-8.50 0.48, 0.942, 8.50

E ‖ zz 0.60-1.15,> 8.50 1.15-8.50 0.48, 0.942, 8.50
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FIGURE 6. Variation of the optical parameters as a function of absorption energy for CuMnInSe3 chalcogenide.

The calculated optical spectra are not identical along the
xx and zz directions, indicating optical anisotropy in the
compound. Figure 6 shows the variation of the optical pa-
rameters as a function of photon energy.

The real partεxx(zz)
1 (ω) takes large positive values at low

photon energies, reflecting strong electronic polarizability.
As the photon energy increases, it gradually decreases. Neg-
ative values ofεxx(zz)

1 indicate that electromagnetic waves
cannot propagate inside the material in this energy region,

resulting in strong reflection and absorption. The photon en-
ergies at whichεxx(zz)

1 crosses zero correspond to plasma res-
onance frequencies. The energy ranges for the sign of the real
part are summarized in Table III.

The imaginary partεxx(zz)
2 (ω) describes absorption pro-

cesses arising from interband electronic transitions. In the
low-energy region (below≈ 0.85 eV), the finite value of
ε

xx(zz)
2 indicates the presence of free carriers, characteristic

of metallic-like behavior. At higher photon energies, several

Rev. Mex. Fis.72061002
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TABLE IV. Refractive index valuesnxx(zz)(0) and energies at
whichnxx(zz) = 1.

nxx(0) nzz(0) E(nxx = 1) (eV) E(nzz = 1) (eV)

1.26 1.59 1.42, 3.45 1.42, 2.75, 3.45, 5.63

pronounced peaks appear due to enhanced interband tran-
sitions. The main peaks are located at approximately 1.92
(2.84) eV, 4.08 (4.26) eV, 5.43 (6.89) eV, and 8.33 (8.02) eV
for thexx andzz polarizations, respectively, corresponding
to electronic transitions mainly in the visible and ultraviolet
energy regions.

The most prominent peaks in the electronic energy loss
spectrum occur in the ultraviolet region. The main peaks of
Lxx(ω) andLzz(ω) appear at 12.76 eV and 12.79 eV, respec-
tively. Owing to the metallic nature of the compound, the re-
flectivity at zero frequency is relatively high, withRxx(0) =
62% andRzz(0) = 68% in the infrared region. In the visible
range, the reflectivity reaches about 25% and 28% at photon
energies of 4.14 eV and 2.91 eV for thexx andzz directions,
respectively. A strong reflection of approximately 65% at
13.54 eV in the ultraviolet region further confirms the metal-
lic behavior and the absence of optical transparency.

The extinction coefficientK(ω) decreases significantly
with increasing photon energy in the visible region and above
5.00 eV, whereas the refractive indicesnxx andnzz increase
and reach their maximum values at 0.29 eV and 0.45 eV, re-
spectively (Table IV).

Consistent with this metallic behavior, the absorption co-
efficient starts at very low photon energies and increases
rapidly across the visible and ultraviolet regions. The ab-
sorption spectrum reaches saturation around 8.47 eV, coin-
ciding with the maximum in the optical conductivity spec-
trum. Overall, the calculated dielectric function, energy-
loss spectrum, reflectivity, refractive indices, extinction co-
efficient, and absorption coefficient consistently indicate a
metallic character, anisotropic optical response, and strong
ultraviolet absorption of the compound.

4. Conclusion

The structural, electronic, optical, and magnetic properties
of the novel half-metal chalcogenide quaternary compound
CuMnInSe3 have been investigated using first-principles cal-
culations. The computed structural parameters were found to
be in good agreement with available experimental data. The
half-metallic nature of the material was confirmed through
analysis of the spin-polarized band structures: the majority-
spin channel shows metallic behavior while the minority-
spin channel exhibits a semiconducting indirect band gap of
0.644 eV and 1.546 eV within the GGA-PBEsol and TB-
mBJ approximations, respectively. A total magnetic moment
of 6 µB was obtained from both computational approaches.
Additionally, strong absorption in the visible and ultravi-
olet regions was observed, suggesting that the compound
could serve as an effective UV sensor or far-ultraviolet photo-
detector.
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