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Abstract: The band structure, DOSs, and optical properties of (Yo.75Ca0.25)(Cuo.75Mno.25)SO, including dielectric function, absorption

function, reflection function, and energy loss spectrum were studied by using the first-principles calculation. The calculation results
indicate that (Y0.75Ca0.25)(Cu0.7sMno25)SO is a direct bandgap semiconductor with a bandgap of 1.1 eV. The Fermi surface is

asymmetric and exhibits spin splitting phenomenon. The new type of dilute magnetic semiconductor (Y0.75Cao.25)(Cuo.7sMno.25)SO
exhibits significant light loss around 70 eV, with light reflection gradually increasing after 30 eV, and light absorption mainly occurring
around 8-30 eV. These results also provide a basis for the discovery of more types of 1111 phase new dilute magnetic semiconductors

in the future.
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1. Introduction

In today’s rapid development in the field of
nanotechnology, new diluted magnetic semiconductors
have attracted widespread attention. With their unique
magnetic and semiconducting properties, this class of
materials offers great potential for the development of
next-generation electronic devices and information
storage technologies [1-6]. The study of dilute
magnetic semiconductors has become a hotspot in the
fields of materials science and condensed matter
physics, in which new discoveries have not only pushed
forward the progress of basic science, but also laid the
foundation for future technological innovations. The
unique properties of dilute magnetic semiconductors
have made them the focus of research in many fields.
These materials possess both the tunable conductivity
of conventional semiconductors and exhibit very
interesting spin properties, offering new possibilities for

realizing spintronic devices. In addition, diluted
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magnetic semiconductors show promising applications

in magnetic storage, quantum computing and
optoelectronic conversion [7-11].

According to the molecular formula and crystal
structure, new diluted magnetic semiconductors with
charge and spin separation regulation have been developed
into three types: 111-type, 122-type, and 1111-type.
New diluted magnetic semiconductors such as
Li(Zn,Mn)P, Li(Zn,Mn)As, (La,Ca)(Zn,Mn)SbO,
(Ba,K)F(Zn,Mn)As, (Ba,Na)F (Zn,Mn)S, etc. have
been synthesized [12, 13]. In addition to synthesizing
samples, the study of dilute magnetic semiconductors
involves experimental measurements and theoretical
calculations, and so far there are very few articles on
first-principles studies of new dilute magnetic
semiconductors. We will discuss in detail the
electronic structure and optical properties of
selected new diluted magnetic semiconductors with
a view to providing new insights and directions

for research in this field. Through this research, we
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hope to contribute to the future development of
nanoelectronics and information technology. In this
paper, the electronic structure and optical properties
of (Y0.75Ca0.25)(Cuo.7sMno 25)SO are investigated by
first-principles calculations.

2. Calculation Method and Theoretical Model
2.1 Calculation Method

Based on density functional theory, the generalized
gradient approximation (PBE-GGA) is used in our
calculations and is implemented in the VASP (Vienna
Ab-initio Simulation Package) software [14]. For the
calculation, the modeling of (Y0.75Ca0.25)(Cuo.75Mng 25)SO
was first obtained through Material studio. Afterwards,
the model is structurally optimized to obtain the model
structure with the lowest energy, i.e. the most stable
model structure. The model is used as a basis for
subsequent calculations of properties such as electronic
structure and optical properties. The parameters are set
as follows: plane wave cutoff energy is set to 340 eV,
energy convergence is set to 2 x 107, and force

Fig. 1 The crystal structure of (Yo.75Ca0.25)(Cuo.7sMno.25)SO.

convergence is set to 2 x 103, the maximum
convergence displacement of atoms is standardized to
0.001, and the calculations are carried out in the inverse

easy K-space.
2.2 Theoretical Model

In order to calculate the electronic structure of
(Y0.75Ca0.25)(Cuo.7sMnp 25)SO and to study its optical
properties, we constructed 2 x 1 x 1 supercells [15-
17]. The supercell has 16 atoms, including 4 atoms
each of Y, Cu, S, and O. When we replace the S atoms
with Mn atoms and at the same time replace the Y
atoms with Ca atoms, we obtain the structure of
(Yo0.75Ca0.25)(Cuo.7sMno25)SO, in which the doping
amounts of Mn and Ca are 0.25. As shown in Fig. 1, for
simplicity there are 4 doping scenarios for Ca atoms, if
we fix the Mn atoms (denoted by the purple balls). We
calculated the energy of the whole supercell for each of
the 4 doping cases and found that the Ca atom has the

lowest energy of the whole supercell at position 3
(about -109.77683 eV), and therefore used the 3rd
model for the back calculation [18].
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3. Electronic Structure

The spin-up and spin-down energy band diagrams of
(Y0.75Ca0.25)(Cuo.7sMng25)SO are shown in Fig. 2, in
which the red and black curves represent the energy
band diagrams when the energy bands are in spin-up
and spin-down, respectively. In both energy band diagrams,
the valence band top and the conduction band bottom
appear at the high symmetry point y point in the Brillouin
zone. Therefore, (Y0.75Ca0.25)(Cuo.7sMno.25)SO belongs
to the direct bandgap semiconductors. For the spin-
down region, the conduction band bottom is tangent to
the Fermi surface and the valence band top is located at
-1.1 eV. On the contrary, in the spin-up energy band
structure, the conduction band bottom is located at 0.03
V while the valence band top is located at -0.9 eV, and
the spin-down energy band gap is about 1.2 eV [19-21].
Considering the spin, the general case is that in the
spin-down state, the energy levels around the Fermi
surface move downward, resulting in a decrease in the

band gap.
4. Electronic DOSs (Density of States)

The total electronic DOS  diagram  of
(Y0.75Ca0.25)(Cuo.7sMng.25)SO is shown in Fig. 3, and

the spin up and spin down are not the same, especially
between 0-1 eV, where there is a more pronounced up-
down asymmetry. This may be due to the doping of Mn
element which brings spin to the system and the
occurrence of spin cleavage.

Combined with the DOS and energy band structure,
(Y0.75Ca0.25)(Cuo.7sMno25)SO  behaves
magnetic semiconductor.

as a dilute
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Fig.2 Energy band structure of (Yo.75Ca0.25)(Cuo.75sMno.25)SO.
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Fig. 3 Densities of (Y0.75Ca0.25)(Cuo.7sMno.25)SO.
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5. Optical Properties
5.1 Dielectric Function

In the study of diluted magnetic semiconductors, the
role of first-principles calculations in exploring optical
properties such as dielectric function, absorption
function, reflection coefficient is gradually coming to
the fore. A comparison of the curves of the real and
imaginary parts of the dielectric number as a function
of energy is presented in Fig. 4. It is observed that the
dielectric function curves show significant differences
when the incident light is oriented along the 001, 010,
and 100 axes, respectively.

Consequently, the optical properties will also be
anisotropic in all directions, although the difference is
not significant. Therefore, the subsequent discussion
will not analyze the optical properties along each axis
direction in detail [22]. The static dielectric function is
the real part of the dielectric function when the
frequency is 0. Therefore, when the incident light is
along the directions a, b and c, the values of the static
dielectric function are 6.9, 7.2 and 6.8, respectively.

From the imaginary part of the dielectric function in
Fig. 4, it can be observed that the dielectric function in
the range of 0-5 eV shows an upward trend reaching a
maximum near 6 eV with a peak of about 9. There are
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(a) Real part of the dielectric function
Fig. 4 Dielectric function of (Yo.75Ca0.25)(Cuo0.7sMno.25)SO.

roughly five peaks in the imaginary part of the
dielectric function curve of the figure that are more
pronounced, with the highest peak between 2 eV and
10 eV, which may be attributed to the effect of the jump
between the conduction and valence bands within the

electronic structure.
5.2 Absorption Spectrum

The dielectric function determines the optical
properties of a crystal, and there is a close relationship
between the absorption function and electron jump.
When light strikes the surface of a material, photons of
it are absorbed by the material, causing electrons in the
material to jump from the ground state of an atom or
molecule to an excited state. These electron leaps lead
to the absorption of light by the material, thus
characterizing the absorption function. From the graph
of absorption coefficient versus energy, it can be seen
that the peaks are roughly divided into 4 parts, and the
2 more obvious peaks are peak 1.5 x 10° cm’! near 6 eV
and the peak 1.5 x 10° cm™! near 9 €V which are closer
to each other. By observing the intensity of the peaks,
it can be found that in the high-energy part, i.e., energy
between 25-30 eV, light irradiation is more likely to
cause the energy level jump of electrons to occur when
the substance absorbs it.
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(b) Imaginary part of the dielectric function
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Fig.5 Absorption spectrum of (Yo.7sCao.25)(Cuo.75Mno.25)SO.
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Fig. 6 Energy-loss function spectrum and reflectivity spectrum of (Yo.75Ca0.25)(Cuo.7sMno.25)SO.

5.3 Energy-Loss Function Spectrum and Reflectivity

Spectrum

In optical properties, the energy loss spectrum is
commonly used to study the energy lost by a material
when it is excited by a photon. From the variation of
reflectance with energy in Fig. 5, it can be found that
the maximum reflectance of 0.8 is located around 50
eV in the curve of its reflectance with energy, and
there is a distinct subpeak near 8 eV with a size of
about 0.4. Between 10 and 30 eV, the reflected

intensity is stable around 0.2, the peak exists only in
the UV band and the energy loss is maximum in the
UV band under the photo-quantum effect. From the
energy loss curves in Fig. 6, it can be found that the
energy loss value peaks near 70 eV, while the rest of
the position tends to level off to almost zero. The
energy loss peak has a certain relationship with the
loss energy range, the sharper the peak, the narrower
the range, so that the crystal can reduce the energy
loss, effectively increasing the crystal optical storage
efficiency [23].
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6. Conclusion

We have investigated the electronic structure and
optical properties of (Yo.75Ca0.25)(Cug.75Mng 25)SO
using density functional theory under the generalised
gradient approximation. The conclusions of the study
are presented below:

(1) (Yo,75Cao_zs)(CqusMno,zs)SO is a direct bandgap
semiconductor with a bandgap width of about 1.1 eV
and due to the introduction of Mn ions, which leads to
spin cleavage and produces spin-up and spin-down
asymmetries near the Fermi surface.

(2) (Yo,75Cao_zs)(CqusMno,zs)SO crystals show a
rather unusual finding in terms of optical properties,
combining energy loss spectra and reflection curves,
where the light loss is very pronounced around 70 eV,
while from the absorption curves it can be found that
the light absorption occurs in the range of 8-30 eV.

These results provide guidance for the experimental
synthesis of novel dilute magnetic semi-providing
conductors (Yo.75Ca0.25)(Cuo.7sMno.25)SO regulated by
spin and charge separation.
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