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agnetic moment of Ca2Ge and
promoting the conversion of semiconductors to
diluted magnetic semiconductors using Mn-doping

Weifu Cen ab and Zean Tian *ac

The dilute magnetic properties of materials have important potential applications in the field of electronic

science and technology. Intrinsic Ca2Ge is a new environmentally friendly semiconductor material, and

exhibits cubic and orthorhombic phases. The crystal structure characteristics of Ca2Ge indicate that the

modulation of its dilute magnetic properties can theoretically be achieved by doping with magnetic

elements. The study of band structures shows that Ca2Ge is a semiconductor, while Mn doped Ca2Ge is

a semi-metal. The results of density of states and atomic population analysis show that Mn doped Ca2Ge

exhibits ferrimagnetism with a magnetic moment of 5 mB, and the orbital splitting energy of the Mn atom

is 1.0 eV. Mn-doping changes the cubic crystal field of Ca2Ge, and the charge transfer and electron

polarization of Ca d and Ge p orbitals are affected by Mn atoms. The Ca d orbital is split into dzz, dzy, dzx,

dxx–yy and dxy orbitals, and the contribution of spin of each d split orbital to the magnetic moment of the

Ca d orbital is in the order dxy > dyz > dxz > dxx–yy > dzz. The Ge p orbital is split into px, py and pz orbitals,

and the spin contribution of each p orbital to the magnetic moment of the Ge p orbital is in the order py
> pz > px. The analysis of atom populations shows that the charge transfer and spin of Ca and Ge change

with Mn doping, and the difference between spin up and spin down increases, improving the magnetism

of Ca2Ge and forming a dilute magnetic semiconductor.
1. Introduction

Diluted magnetic semiconductor materials (DMS) have semi-
conductor and electromagnetic properties, as a result of regu-
lation of the charge freedom and spin freedom. Electronic
devices using these properties have a wide range of potential
applications in information processing, storage, transmission
and other elds, and are of great signicance to the develop-
ment of electronic information technology.1–3 Semi-metallic
materials are a particular type of DMS with a particular band
structure, high electron polarization at the Fermi level, a total
magnetic moment that is a multiple of the Bohr magneton, and
a high Curie temperature TC. Therefore, semi-metallic materials
are preferred materials for manufacturing magnetic ion-
implanted DMS electronic devices.4–8 Recently, investigations
of DMS have mainly focused on III–V, IV, II–VI, oxide and
sulde semiconductors, such as GaAs, GaN, Si, Ge, ZnO, MoS2,
etc.9–13 The preparation of DMS mainly uses transition metal
atoms or rare earth ions, which have spin magnetic moment,
gineering, Guizhou University, Guiyang,

cn

ng, Guizhou Minzu University, Guiyang,

Engineering, Hunan University, 410082,

37
doped to substitute some atoms in the semiconductor
material.14–16 The magnetic moment of DMS is produced by the
exchange of p state electrons of the anions and d state electrons
of the magnetic ions, which are changed by the external
temperature and doping concentration, so they may be ferro-
magnetic, sub ferromagnetic and antimagnetic.17,18

As a new type of II–VI narrow band gap semiconductor,
Ca2Ge has high TC, high carrier mobility, low dielectric
constant, and excellent optical and other properties.19 Further-
more, it is compatible with conventional silicon processes and
overcomes the physical quantum limitations of Si (conventional
Si integrated circuit IC in the range of 2–20 nm), and has higher
intrinsic hole mobility than GaAs and Si, so has potential
application value in sensors and optoelectronic devices.20,21 The
band structure and photoelectric characteristics of Ca2Ge have
been studied using the rst principles method.22 It is found that
cubic phase Ca2Ge is a direct band-gap semiconductor with
a band gap of 0.56 eV, and the lattice constant is 0.719 nm.23 The
stability of Ca–Ge alloys is affected by pressure and tempera-
ture, while the vibrational free energy depends only on
temperature.24,25 Study of the structure, phonon spectrum, and
lattice dynamics of Ca2Ge found that the phonon correlation of
Ca2Ge is higher than that of Ca2Si, which provides a theoretical
basis for the use of Ca2Ge in low power devices.26

Recently, theoretical research has shown that the valence
electron of Ca 3p64s2 is unstable in the Ca2Ge electron system.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In order to form a stable state, the electron is transferred from
the 4s orbital to the 3d orbital, forming a stable structure,
3d14s1.27 Due to the particularity of Ca 3d state electrons, it is
speculated that there is a correlation between Ca 3d state elec-
trons and Ge 3p state electrons in Ca2Ge compounds. The outer
electron conguration of the central Ca ion is 3d1, and its
unlled d state electrons provide the valence bonding for the
doped magnetic ions, forming a new electronic state, resulting
in changes in the original electronic orbitals, electronic state,
local structure, etc. Theoretically, this material has the possi-
bility to become a DMS with excellent performance. Therefore,
it is meaningful to develop Ca2Ge as a new DMS material.

In order to clarify the magnetization mechanism and the
inuence of the physical eld on the magnetism, the electronic
structure and magnetic mechanism of intrinsic Ca2Ge and Mn-
doped Ca2Ge are studied using a rst principles method. The
inuence of the mechanism of Mn doping on the electronic
structure and magnetic properties of Ca2Ge is investigated
extensively, and the regulatory mechanism for the electronic
structure and magnetic properties is analyzed. It is found that
the electronic orbitals of Ca and Ge form spin magnetic
moments upon Mn-doping.

2. Modelling and crystalline field
theory
2.1 Modelling

Cubic phase Ca2Ge belongs to the Fm�3m space group with
lattice constants a = b = c = 0.719 nm, and a = b = g =

90°.22,23,26–28 Each cell contains 8 Ca atoms and 4 Ge atoms. The
doping model of Ca8Mn1Ge3 is established by replacing a Ge
with a Mn atom. The structural model is shown in Fig. 1. The
samemethod is used to construct the Ca7Mn1Ge4 doping model
by replacing a Ca with a Mn atom. Since Ca is in two unequal
positions in the Ca2Ge system, there are two structures of Ca7-
Mn1Ge4. The band structure of Ca8Mn1Ge3 shows that it is
a semi-metal, while Ca7Mn1Ge4 is a metal, so this work just
discusses the Ca8Mn1Ge3 DMS.

The pseudopotential plane wave method based on rst
principles is used for calculation, and the calculation is
completed using the Cambridge Serial Total Energy Package
(CASTEP).29,30 The Broyden, Fletcher, Goldfarb and Shanno
(BFGS) algorithm is used to optimize the geometrical structure
of Ca2Ge, and then six different approximation methods for
generalized gradient approximations in the scheme of Perdew,
Burke and Ernzerhof (GGA-PBE), revised Perdew–Burke–
Fig. 1 Structure model of Ca2Ge: (a) intrinsic Ca2Ge, (b) Mn-doped
Ca2Ge.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Ernzerhof (GGA-RPBE), Perdew–Wang 91 (GGA-PW91), Wu and
Cohen (GGA-WC), Perdew et al. (GGA-PBEsol), and local density
approximation (LDA) are used for the exchange correlation
energy for nding the most stable structure and the most
suitable approximate calculation method. All the calculations
below are performed on the basis of this structure terminally.
On this basis, the electronic structure and electromagnetic
properties of intrinsic Ca2Ge and Mn-doped Ca2Ge are investi-
gated. The ultra so pseudo-potential (USPP) method is used to
deal with the interaction between ions and electrons. The
convergence threshold of interatomic force is 0.001 eV nm−1,
the internal stress is not more than 0.02 GPa, the convergence
threshold of atomic displacement is 5 × 10−5 nm, the conver-
gence standard of energy between two iterations is 5.0 ×

10−7 eV per atom, and the convergence standard of self-
consistent eld is 2 × 10−6 eV per atom. The truncation
energy is selected as 380 eV, and the K point in the Brillouin
region using the Monkhorst–Pack method is selected as 4 × 4×
4. The valence electrons involved in the calculation are Ca
3s23p64s2, Ge 4s24p2 and Mn 3d54s2. Due to Mn being a transi-
tion metal, the Mn 3d orbit is not lled, and the enhanced
electron delocalization leads to inaccurate calculation results.
In order to improve the accuracy of the result, the GGA + Ueff

(Hubbard U) method is used to correct the Mn 3d orbital, where
the effective Hubbard parameter, Ueff, of the Mn atom is set to
3.0 eV. The electronic structure and magnetic properties of Mn
doped Ca2Ge are studied with U set to 3.0 eV.

2.2 Crystalline eld theory

The bonding of metallic complexes is analogous to the action of
positive and negative ions in ionic crystals. The metal–ligand
interaction is of electrostatic character, and the ligand is treated
as a point charge. The role of ligands is to establish a negative
charge potential eld, and the eld is referred to as a crystalline
eld. Under the perturbation of the crystalline eld, the
d orbital of the metal undergoes energy level splitting, and the
electrons ll the split d orbit from low to high, resulting in
a decrease of the total energy aer splitting. The splitting energy
is called the crystal eld stabilization energy.31

When the central ion with d electrons is considered, the
Hamiltonian of the d electrons is written as:

Ĥd ¼
X
n

ĥðnÞ (1)

Under the single-electron approximation, the electron–elec-
tron interaction term is not considered, and the Hamiltonian
operator is dened as:

ĥðnÞ ¼ �1

2
Vn

2 � Ze

rn
þ ð�1ÞV̂ð~rnÞ ¼ ĥ0 � V̂ð~rnÞ (2)

where ĥ0 is a Hamiltonian operator of d electrons in free ions,
and V̂ð~rnÞ is the electrostatic eld of the ligand.

Under the point charge model, the charge of a ligand is
dened as −q, and the metal–ligand distance is a. Using results
of classical electrostatics, the following equation can be
obtained:
RSC Adv., 2024, 14, 6930–6937 | 6931
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V̂ ¼ �6q

a
� 35q

4a5

�
x4 þ y4 þ z4 � 3

5
r4
�

(3)

In a spherical coordinate system:

x4 þ y4 þ z4 � 3

5
r4 ¼ r4

�
ðsin q cos 4Þ4 þ ðsin q sin 4Þ4

þðcos 4Þ4 � 3

5

�
(4)

The single electron Schrodinger's equation is:

(ĥ0 + ĥ0) = 3iJi (5)

ĥ
0 ¼ �V̂ ¼ 6q

a
þ V̂oh (6)

Using the perturbation method to approximately solve the
single-electron Schrodinger's equation, the total electron wave
function is obtained:

Jd = IJ1.Jn (7)

The total electron energy is written as:

Ed ¼
X
i

3i (8)

According to crystalline eld theory, the symmetry of the
crystalline eld determines the mode of d orbital splitting, and
the perturbation of the energy level splitting is dened as:

ĥ0Ji
(0) = 3i

(0)Ji
(0) (9)

3i = 3i
(0) + D3i (10)

The rst order perturbation correction is written as:

D3i = D3i
(1) = hJi

(0)jĥ0jJi
(0)i (11)

The zero-order wave function is written as:

Ji
(0) = Jnlm = NnlRnl(r,q)Ylm(q,4) (12)

In particular:

ndxx�yy ¼
ffiffiffiffiffiffiffiffiffi
15

16p

r
Rn2ðrÞsin2

q cos 24 (13)

ndxy ¼
ffiffiffiffiffiffiffiffiffi
15

16p

r
Rn2ðrÞsin2

q sin 24 (14)

The rst order perturbation correction is written as:

D3eg = hndxx–yyjĥ0jndxx–yyh (15)

Similarly:

D3t2g = hndxyjĥ0jndxy (16)
6932 | RSC Adv., 2024, 14, 6930–6937
3. Results and discussion
3.1 Structure optimization

The crystal structure of Ca2Ge is optimized by GGA-PBE, GGA-
RPBE, GGA-PW91, GGA-WC, GGA-PBEsol and LDA approxima-
tion methods. The system energy optimized by different
approximationmethods is shown in Table 1. It can be seen from
Table 1 that the lattice constant obtained by the GGA-RPBE
method is in good agreement with the experimental value and
the energy value calculated is −8454.32 eV, lower than the
energy obtained under other approximation methods, indi-
cating that the structure of Ca2Ge obtained using the GGA-RPBE
method is the most stable.16 Therefore, the band structure,
electron density of states, atomic population and orbital pop-
ulation are calculated using the GGA-RPBE method.

3.2 Band structure

The integral path of cubic phase Ca2Ge is W-L-G-X-W-K along
the direction of highly symmetric points in the Brillouin region
under the plane wave basis set group. Fig. 2(a)–(d) show the
band structure of the intrinsic Ca2Ge andMn-doped Ca2Ge with
spin up and spin down. It can be seen from Fig. 2(a) and (b) that
the top and bottom of the spin up and spin down valence bands
are both located at point X, forming a direct band gap Eg =

0.57 eV. The band structures of the spin up and spin down
states are exactly the same. That is, the intrinsic Ca2Ge has no
magnetism, which is consistent with the results in reference.2

Fig. 2(c) and (d) show the band structure diagram of Mn doped
Ca2Ge. It can be seen from the gure that the band structure of
Mn doped Ca2Ge with spin up forms a direct band gap of
0.32 eV at point X, while the band structure with spin down
presents metallic characteristics with a band gap of 0 eV, indi-
cating that Ca2Ge with Mn doping forms a semi-metal.
Comparing Fig. 2(a–d), it can be observed that the impurity
bands exist for spin up and spin down whenMn is doped. In the
spin up band structure, the inuence of impurity bands is
relatively small, and the band distribution is similar to that of
intrinsic Ca2Ge, while in the spin down band structure, the
distribution of impurity bands has a greater impact. As a result,
the distribution in the spin-down band structure is signicantly
different from that of the spin-up band structure, indicating
that magnetism appears in Ca2Ge aer Mn doping. In order to
explore the mechanism of magnetism and its source, the
density of states is analyzed.

3.3 Electron state density

Fig. 3(a–e) show the partial density states (PDOS) of intrinsic
Ca2Ge and Mn doped Ca2Ge. Fig. 3(a and b) show the PDOS of
Ca and Ge in the intrinsic Ca2Ge system, respectively. It can be
seen from Fig. 3(a) that in the energy range of −2–0 eV and 0.6–
3.1 eV, contribution is mainly of Ca 3d state electrons. The
contribution of Ca 3s state electrons is smaller, and the
contribution of Ca 3p state electrons is zero. It can be seen from
Fig. 3(b) that the valence band of intrinsic Ca2Ge is mainly
contributed to by Ge 2p state electrons in the energy range of
−2–0 eV and by Ge 2s state electrons in the energy range of 0.6–
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The system energy optimized by different approximation methods

Method PBE RPBE PW91 WC PBEsol LDA

Energy/eV −8448.27 −8454.32 −8453.83 −8538.13 −8431.4 −8452.17
a/Å 7.201 7.182 7.20 7.148 7.148 7.00
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3.5 eV. Therefore, the valence band of intrinsic Ca2Ge is mainly
contributed to by electrons of Ca 3d and Ge 2p states, and the
conduction band is mainly contributed to by Ca 3d state elec-
trons. In the valence band, the density of Ca 3d and Ge 2p states
with spin up and down form symmetrical distributions, and in
the conduction band, the density of Ca 3d states with spin up
and spin down also form symmetrical distributions. Therefore,
Ca and Ge do not exhibit magnetism in the intrinsic Ca2Ge
system. These results are consistent with the analysis results of
the band structure of the intrinsic Ca2Ge.

Fig. 3(c–e) show the PDOS of Ca, Ge and Mn in the Mn-doped
Ca2Ge system. It can be seen from Fig. 3 that in the energy range
of −2–0 eV, the spin up PDOS is mainly contributed to by Ca 3d,
Ge 2p and Mn 3d state electrons, while the spin down PDOS is
mainly contributed to by Ca 3d and Ge 2p state electrons. In the
energy range of 0–4 eV, the spin up PDOS is mainly contributed to
by Ca 3d, Ge 2p, and Mn 3d state electrons, while the spin down
Fig. 2 The band structure of Ca2Ge: (a) intrinsic with spin up, (b) intrinsic
down.

© 2024 The Author(s). Published by the Royal Society of Chemistry
PDOS is mainly contributed to by Ca 3d, Ge 2p, and Mn 3d
electrons. It can be seen from Fig. 3(e) that the density of spin-up
and spin-down states presents an asymmetric distribution. In
particular, a large spin-up density peak appears near−0.4 eV, and
a strong spin-down density peak appears near 0.6 eV. The energy
interval between the peaks of the two states is about 1.0 eV. This
shows that Mn 3d is magnetic and the orbital splitting energy of
Mn is 1.0 eV. At the same time, it is worth noting that whenMn is
doped in Ca2Ge, the distribution of the Ca and Ge state densities
is affected by Mn, and the densities of the Ca and Ge states are
asymmetric. Therefore, it can be inferred that the magnetism of
the Mn-doped Ca2Ge system is not only derived from Mn atoms.
In order to further clarify the inuence of Mn atom doping on the
density of Ca and Ge states and the inuence on the magnetic
properties of the Ca2Ge system, it is necessary to analyze the
electron orbitals of each atom in the system. The atomic pop-
ulation and orbital population are discussed below.
with spin down, (c) Mn-doping with spin up, (d) Mn-doping with spin

RSC Adv., 2024, 14, 6930–6937 | 6933
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3.4 Atomic population

The atom population results show that the magnetic moment of
the Mn atom is 5.09 mB, that of the Ge atom is 0.03 mB, and that of
the Ca atom is−0.12 mB. The results indicate that themain source
Fig. 3 The partial density of states of Ca2Ge. (a) Ca partial density of state
Ca partial density of states of Mn doped Ca2Ge; (d) Ge partial density of s
Ca2Ge.

6934 | RSC Adv., 2024, 14, 6930–6937
of magnetism is the spin polarization of Mn atoms. However, the
polarization of Ge and Ca atoms is affected by the polarization of
the Mn atom. The Ca atom exhibits antiferromagnetism, the Ge
atom exhibits ferromagnetism, and Mn doped Ca2Ge exhibits
s of intrinsic Ca2Ge; (b) Ge partial density of states of intrinsic Ca2Ge; (c)
tates of Mn doped Ca2Ge; (e) Mn partial density of states of Mn doped

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ferromagnetism. Fig. 4 shows the charge distribution of the
electron orbital of Ca2Ge. Fig. 4(a) and (c) show that the distri-
bution of the electron orbital of Ca in the Ca2Ge system changes
from the original 3s23p64s2 to the more stable 3s23p63d14s1. In
the intrinsic Ca2Ge, the spin up charges of the s, p and d orbitals
are equal to those of spin down, for Ca and Ge. In the Mn doped
Ca2Ge system, the charges of the s, p and d electron orbitals with
spin up and downMn atoms are quite different. In particular, the
Mn 3d orbital has the most signicant difference of charge
between spin up and spin down. In the doped Ca2Ge system, the
spin up and spin down charges of the s and p electron orbitals of
the Ge atom are affected by the Mn atom, so that the charge of
the s and p electron orbitals of each Ca atom is redistributed. For
Ca 3d, the spin up charge increases from 0.25e to 0.34e, and the
spin down charge increases from 0.25e to 0.33e, but the charges in
the Ca 4s and Ca 3p orbitals are almost unaffected. However, Mn
doping has different effects on each Ge atom, and the discussion
of the change of the charge of the Ge atom is based on the average
effect. For the Ge 3s orbital, the spin up charge decreases from
0.99e to 0.9e, and the spin down charge decreases from 0.99e to
0.86e. For the Ge 3p orbital, the spin up charge decreases from
2.04e to 1.91e, and the spin down charge decreases from 2.04e to
1.84e. The results show that the charge of Ca 3d is increased, and
the charge of Ge 3s and Ge 3p decrease with Mn doping. Simul-
taneously, the charge revolutions of Ca andGe are changed byMn
doping. In the intrinsic Ca2Ge system, each Ca atom transfers and
gains 1.02e, and each Ge loses 2.05e. However, each Ca atomgains
Fig. 4 The charge distribution of electron orbitals of Ca2Ge: (a) spin up
intrinsic Ca2Ge, (d) spin down of Mn doped Ca2Ge.

© 2024 The Author(s). Published by the Royal Society of Chemistry
0.85e, theMn atom loses 2.07e, and the three Ge atoms lose 1.64e,
1.57e, and 1.58e with Mn doping.
3.5 Orbital populations

Fig. 5 shows the orbital energy level spin of Ca2Ge. Fig. 5(a)
shows that the Ca d orbital is split into dxy, dyz, dxz, dxx–yy and dzz
orbitals by the force of the crystal eld in the intrinsic Ca2Ge
system. The maximum angle of the dxy, dyz and dxz orbitals is
between the axes, forming a plane-symmetric orbital and
forming a t2g orbital level with the same polarization. The
maximum values of dzz and dxx–yy along the axial direction form
an axially symmetric orbital and form an eg orbital with the
same polarization. t2g and eg have equal magnetic moments of
spin up and spin down, so the d orbital does not exhibit
magnetism. When Mn is doped, the spin up state of t2g is split
into dyz, dyz and dxz orbitals, and dyz is lower spin, while dyz and
dxz are high spin. The spin up state of the eg orbital is split into
dzz and dxx–yy orbitals. The order of polarization of each orbital
is as follows: dxy, dxz > dyz > dzz > dxx–yy. The spin down states of
the t2g and eg orbitals are split into dxy, dyz, dxz, dxx–yy and dzz
orbitals with different polarization. The order of polarization of
each orbital is as follows: dyz > dxz > dxy > dxx–yy > dzz. Thus, when
Mn is doped, the contribution of spin splitting to the magnetic
moment of the d orbital is in the following order: dxy > dyz > dxz >
dxx–yy > dzz. Fig. 5(b) shows the orbital level spin of Ge p. In the
intrinsic Ca2Ge system, the spin polarizations of the px, py and
of intrinsic Ca2Ge, (b) spin up of Mn doped Ca2Ge, (c) spin down of
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Fig. 5 Ca2Ge orbital level spin of Ca2Ge: (a) the orbital energy level spin of Ca d, (b) the orbital energy level spin of Ge p.
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pz orbitals are the same. When Mn is doped, the polarization of
the spin up and spin down states decreases, the spin polariza-
tions of the px, py and pz orbitals are different, and the contri-
butions of spin splitting to the magnetic moment of the p
orbital are in the order py > pz > px.
4. Conclusions

In this work, the electronic structure and electromagnetic
properties of Mn doped Ca2Ge were studied by the rst princi-
ples method based on density functional theory, and its
magnetization mechanism was analyzed. The mechanism of
Mn doped Ca2Ge forming a dilute magnetic semiconductor was
explained. The conclusions are as follows:

(1) Mn doped Ca2Ge has two modes, one of which is Mn
replacing Ca atoms, and Ca2Ge forming ametal; the other is Mn
replacing Ge atoms, and Ca2Ge forming a semi-metal. The spin
up band structure forms a direct band gap of 0.32 eV, and the
spin down band structure presents metallic characteristics.

(2) Electron state density and atomic population analysis
shows that one of the electrons in the 4s orbital of Ca is
transferred to the 3d orbital, forming a 3s23p63d14s1 congu-
ration that is more stable than the 3s23p64s2 conguration. The
orbital splitting energy as a result of the Mn doping is 1.0 eV,
which has a weak polarizing effect on Ca 3d and Ge 3p elec-
trons. The result leads to an increase in the orbital electrons of
Ca 3d, a decrease in the orbital electrons of Ge 3p, the charge
transfer of the Ca atom decreasing, the charge transfer of the Ge
atom increasing, and the formation of a ferromagnet with
a molecular magnetic moment of 5.0 mB.

(3) The doping of Mn atoms changes the crystal eld of
Ca2Ge, so the charge, orbital and spin of each atom are redis-
tributed. The degenerate energy levels of t2g and eg of Ca are
relieved and split into dzz, dzy, dzx, dxy and dzz−yy orbitals, while
the degenerate energy levels of Ge p are relieved and split into
px, py, pz orbitals. Under the action of the crystal eld, the spin
up and spin down polarization magnetic moment increases,
and the magnetism of Ca2Ge is improved, forming a dilute
magnetic semiconductor.
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