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Abstract: Magnetic semiconductors have been demonstrated to work at low temperatures, but not yet at room temperature for
spin electronic applications. In contrast to the p-type diluted magnetic semiconductors, n-type diluted magnetic semiconduct-
ors are few. Using a combined method of the density function theory and quantum Monte Carlo simulation, we briefly discuss
the recent progress to obtain diluted magnetic semiconductors with both p- and n-type carriers by choosing host semiconduct-
ors with a narrow band gap. In addition, the recent progress on two-dimensional intrinsic magnetic semiconductors with pos-

sible room temperature ferromangetism and quantum anomalous Hall effect are also discussed.
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1. Introduction

Spin electronics is a rapidly developing interdisciplinary
subjectin condensed matter physics. Electrons have twointrins-
ic properties: charge and spin. Traditional electronic devices,
through the regulation of electronic charge to achieve a vari-
ety of functions, with the continuous enhancement of perform-
ance, the size of the device is decreasing, has been close to the
physical limit of atomic scale. In order to surpass the tradition-
al electronic devices, the research on how to regulate the spin
electronics of electron spin has been developed gradually, and
many novel physical phenomena and new materials have
been produced, such as giant magnetoresistance, tunnel mag-
netoresistance, magnetic semiconductor, spin Hall effect,
quantum spin Hall effect, quantum anomalous Hall effect, topo-
logical insulator, etc.[' 2],

The development history of condensed matter physics
shows that the in-depth study of novel physical phenomena is
helpful to deepen our understanding of condensed state phys-
ics and expand the boundary of condensed matter physics. It
is of great significance in basic science and practical applica-
tion. A typical example is giant magnetoresistance discovered
in the 1988, which, with the deepening of research, has
triggered the revolution of large capacity and miniaturization
of hard disks. It has been widely used in high-density readout
head and magnetic storage elements, and has become the
standard technology of computer hard disks. However, many
novel physical phenomenain spin electronics have not been ap-
plied in practice at present. An important constraint is that
some novel physical phenomena are observed only at low tem-
peratures in the laboratory, and the practical application re-
quires that such physical phenomena can be realized at room
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temperature.

An important material is the magnetic semiconductor,
which urgently needs to improve the temperature of its realiza-
tion. Magnetic semiconductors, which combine the twoimport-
ant areas of magnetism and semiconductors, have been
widely studied and are a basic material for the realization of
spin electronics devices. The practical application requires that
the ferromagnetic Curie temperature of magnetic semicon-
ductors be higher than that of room temperature. Can we cre-
ate magnetic semiconductors that work at room temperature?
It is one of the 125 unknown scientific problems listed by Sci-
ence in 200581, Although some research articles claim to have
been experimentally obtained for ferromagnetic semiconduct-
orsatroomtemperature, sofar,room temperature ferromagnet-
ic semiconductors, which have been widely repeated and
widely accepted, have not been obtained yet.

The most extensive and in-depth study of magnetic semi-
conductor materials is (Ga,Mn)Ast 51, The present record of its
Curie temperature T¢ is about 200 K, which was created in
2011 by Institute of Semiconductors in Chinese Academy of Sci-
enceslol. A lot of difficulties have been encountered when try-
ing to raise the Curie temperature of (Ga,Mn)As. The binary Mn
ion is replaced with the trivalent Ga ion, and the magnetic mo-
ment and the hole carrier are introduced at the same time.
Therefore, (Ga,Mn)As as a p-type magnetic semiconductor.
The mismatch of the valence of manganese and gallium ions
leads to severe and limited chemical solubility for the Mn in
GaAs. In addition, because of the simultaneous doping of carri-
ers and magnetic moments, it is difficult to turn the charge carri-
ersand magnetism to its optimized condition separately. There-
fore, there is an urgent need for new ideas and materials to ex-
plore room temperature magnetic semiconductors.

In order to solve the above difficulties, Li(Zn,Mn)As, re-
garded as I-1I-V magnetic semiconductor, was proposed in
the calculationl”), and later manufactured in the experiment
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Fig. 1. (Color online) Schematic pictures of magnetic semiconductors with (a) wide band gaps and (b) narrow band gaps. The band gap is Eg.

The top of valence band (VB) is dominated by p orbitals, and the bottom of conduction band (CB) is dominated by s orbitals. For the impurity
with d orbitals, £ is impurity level of d orbitals, and U is the on-site Coulomb interaction. Impurity bound state (IBS) is also developed due to
the doping of impurity into the host. The density of state (DOS) as a function of energy, and the magnetic correlation (Mi Mé) between two im-

purities as a function of the chemical potential i are depicted. (a) Due to strong mixing between the impurity and the VB, the position of the IBS
wiBs (arrow) is close to the top of the VB. Due to weak mixing between the impurity and the CB, usually no IBS appears below the bottom of the
CBl19-21), Thus, we have 0 S wigs << Eg for the wide band gap case. By the condition i ~ wygs, positive (FM coupling) (Mi Mé) can develop(22-241,

For p-type carriers (u ~ 0), ferromagnetic coupling can be obtained as the condition u ~ wypg can be satisfied. For n-type carriers (u ~ Eg), no
magnetic coupling is obtained between impurities because the condition u ~ wygg cannot be satisfied!'%-2"1. (b) Case for narrow band gap Eg.

By choosing suitable host semiconductors and impurities, the condition 0 < wigs < Eg can be obtained. For both p-type and n-type carriers,
ferromagnetic coupling can be obtained because the condition i ~ wypgg is satisfied.

with T = 50 KI8l, By isovalent (Zn2+, Mn2+) substitution, spin is in-
troduced. By tuning excess or deficient Li concentration, the car-
rier can be controlled independently. Although Li(Zn,Mn)As
with excess Lit is considered to be a promising n-type magnet-
ic semiconductor, p-type carriers were obtained in the experi-
ment. The introduction of the hole is probably due to the ex-
cess Li* in substitutional Zn2* sites8l. In Li(Zn,Mn)P, another
I-1I-V magnetic semiconductor, T = 34 K is obtained in the ex-
perimentl. In the experiment, Li(Zn,Mn)P with excess Li was
also identified as p-type, due to the same reason as that for
Li(Zn,Mn)As®. A 1111-type magnetic semiconductor
(Laj_,Bay)(Zni_,Mny)AsO was reported with 7. = 40 K
inthe experiment 19, Although these p-type magnetic semicon-
ductors have some obvious advantages over (Ga,Mn)As, the ob-
tained T is much lower than that of (Ga,Mn)As.

The T up to 230 K was achieved in another type of ma-
gnetic semiconductor (Ba,K)(Zn,Mn),As,, which was created
by the experimental group in Institute of Physics in Chinese
Academy of Sciences in 20130'". 12, The magnetic moment is
doped with isovalent (ZnZ+, MnZ*) substitutions, and p-type car-
riers is introduced by (Ba2*, K*) substitutions. Driven by high
T.,the density functional theory calculations!’3'and photoemis-
sion spectroscopy experiments ['4 151 were conducted to under-
stand the mechanism of ferromagnetism in p-type
(Ba,K)(Zn,Mn); Asj.

The evidence of n-type ferromagnetic semiconductor was
obtained in the Co doped semiconductor Ba(Zn,Co),As, with
Curie temperature of 45 K fabricated by the experimental
group of Zhejiang University in 20190'6], Both n-type carriers
and spins are introduced due to the doping of Co.

Inspired by the above experimental progress, we pro-
posed a new direction to obtain high temperature magnetic
semiconductor by considering the magnetic semiconductors

with narrow band gaps in 2016!'7: 18l Unlike the wide band
gap magnetic semiconductors represented by (Ga,Mn) as,
which have been studied extensively over the past 20 years,
our calculations show that narrow band gap semiconductors
are more likely to host both p- and n-type magnetic semicon-
ductors. Because narrow band gap semiconductor is favored
to form the shallow impurity levels, which is extended and can
mediate ferromagnetic coupling between magnetic impurit-
ies in both p- and n-type carriers. The high Curie temperatures
can also be expected due to long-range ferromagnetic coup-
ling.

A schematic diagram describing magnetic semiconduct-
ors with wide band gap is shown in Fig. 1(a). In the studies of
magnetic semiconductors with wide band gap Eg such as
(Zn,Mn)0N91, (Ga,Mn)As29, and Mg(O,N)2Y], the impurity
bound state (IBS) wigg was obtained close to the top of the
valence band (VB), and usually no IBS is obtained below the bot-
tom of the conduction band (CB). The ferromagnetic correla-
tion (positive) (MfM;) between two impurities can be ob-
tained when the chemical potential u and IBS satisfy the rela-
tion p ~ wigs?% 23 24. For p-type carriers (1 ~ 0), such relation
can be satisfied, and the ferromagnetic coupling is obtained.
For n-type carriers (u ~ Eg), such relation cannot be satisfied,
and no magnetic coupling is obtained.

The situation changes for the magnetic semiconductors
with narrow band gaps, as shown in Fig. 1(b). After selecting
suitable host semiconductors and impurities, the relation
0 S wips < Eg can be obtained. As a result, for both the p-
and the n-type carriers, the condition u ~ wygs is satisfied, and
the ferromagnetic coupling can be expected.

Anotherpossibledirectiontoobtain hightemperature mag-
netic semiconductors is van der Waals two-dimensional (2D)
magnetic semiconductors. In 2017, Ising-type ferromagnet-
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ism was observed in monolayer Crl3 in experiment with Curie
temperature T = 45 KI25L. In the same year, 2D magnetic semi-
conductor CryGepTeg was obtained in experiment with 7. =
28 K21, In 2018, two experimental teams declared that the
single-layers VSe;[27] and MnSe; (28! have the Curie temperat-
ures higher than room temperature.

In the following, we introduce our combined method of
the density function theory and quantum Monte Carlo simula-
tion (DFT + QMC). It was applied to study the magnetic semicon-
ductors. For the cases with wide band gaps, Mn-doped ZnO
and N-doped MgO are discussed. For the cases with narrow
band gaps, Mn- and Cr-doped BaZn; As, are discussed. In addi-
tion, the recently growing 2D magnetic semiconductors are
also mentioned.

2. DFT + QMC method

There are two kinds of objects in magnetic semiconduct-
ors: one is the itinerant carriers, the other is the localized impur-
ities. The itinerant carriers, which experience the periodic crys-
tal potential and give rise to a k-dependent energy (i.e., elec-
tronic band structure), can be reasonably described by the
mean-field theory, such as the density functional theory (D
FT)[29 30 The localized impurities, which are determined by
the on-site Coulomb interaction, can be correctly described by
the non-perturbative theory, such as the Hirsch-Fye quantum
Monte Carlo (QMC) techniqueB.

In order to accurately describe these two kinds of objects
in real materials by a unified theoretical framework, we pro-
posed a combined DFT + QMC method. First, the one-particle
parts of the Anderson impurity model are formulated within
the DFT or tight-binding approximation for determining the
host band structure and the impurity-host hybridization.
Second, the correlation parts of the Anderson impurity model
at finite temperatures are calculated by the QMC method. For
the case of singlet impurity, we can calculate the impurity
bound state in the band gap, the magnetic susceptibility, the
occupations number, the impurity-host magnetic correlations.
For the case of multi-impurities, we can calculate the magnet-
ic correlations between any orbitals and any positions of impur-
ities. Our combined DFT + QMC method has been applied for
designing functional semiconductors'9-2"1 and metals!32-34,

The Anderson impurity modelB35! is defined as:

H= Z [&v(k)_#]c;rmo.ck(w'

k,a,0
+ Z (Vifkadjéro-ck(lv +h.c.)
kaiéo
+(eg—p) Z d;rfa_d[§0-+ UZ”iETnié-‘l' D
i&o ¥
Cz(w and ¢y, are the creation and annihilation operators for

host electrons, respectively. k is wave vector, and o is spin of
host electrons. @ = v denotes valence band, and @ = ¢ the

conduction band. €, (k) is host electron band. u is chemical

;(go- and djz- are the creation and annihilation op-

erators of impurity localized electron, respectively. Impurity
site is i, orbital is £, and spin is o. Impurity occupation number

potential. d

is defined as njz, = d;;(rdifg. Hybridization between the im-
purity and the host is’V,-é:ka. The energy level of impurity 3d
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orbital is 4. The on-site Coulomb repulsion of the impurity is
U. The single-orbital approximation is used, i.e. Hund coup-
ling Jy is neglected, to describe the magnetic sates of impurit-
ies.

The hybridization matrix element between the impurity

ki
and the host is expressed as Vg =(pe(DIHWo (k))=—=e"""
‘ VN

Viq(k), which can be obtained as

Vealk) = > e Dy, () (IHIpo(m).  (2)

o,n

@e(@) is impurity 3d state at site i. ¥y(k) is host state with
band index @ and wave vector k. It is expanded by atomic or-
bitals ¢, (n) with orbital index o, site index n, expansion coeffi-
cient aqo(k). Total number of host lattice sites is N. To calcu-
late the matrix element <tp§(i)|H|(,00(n)>, the DFC calculation
based on a supercell is needed.

With parameters obtained by DFT calculations, magnetic
correlations of the impurities can be calculated using the
Hirsch-Fye QMC technique. The operators of z component of
magnetic moment Mff and impurity occupation number ng
are defined, respectively,

M = nigy = nigy» 3)

nig = nigt + nig| “)

where £ is orbital of impurity, i is impurity site, T is spin-up,
and | is spin-down.

3. Diluted magnetic semiconductors with wide
band gaps

3.1. (Zn,Mn)O

As an example of diluted magnetic semiconductors with
wide band gaps, we discuss the ferromagnetism in the com-
pound Mn-doped ZnOU9.,

For ZnO, the wurtzite structure is the most common
phase. In thin films, the zincblende structure is stable. At high
pressure, the rocksalt structure is also experimentally possible.
The band structures of ZnO with the wurtzite, zinc-blende, and
rocksalt structures can be calculated using the tight-binding
parameters, as shown in Figs. 2(a)-2(c), respectively. For the
wurtzite and zincblende structures, a direct gap of 3.45 eV is ob-
tained. For the rocksalt structure, an indirect semiconductor
gap is obtained.

For Mn-doped ZnO, the hybridization parameter Vg, (k)
between the Mn impurity and the host Zn is plotted in Fig. 3. It
is noted that the hybridization vanish at the T" point for the rock-
salt structure, and hybridization value at the T point for
zincblende structure is larger than that for wurtzite structure.

Figs. 4(a) and 4(b) shows square of the magnetic moment
at the impurity site ((Mz)z) as a function of chemical poten-
tial u for Mn-doped in ZnO. The presence of a discontinuity in
((Mz)z) versus u are observed, which denotes the existence of
an impurity bound state (IBS) at this energy. For (Zn,Mn)O, the

. . 7 \\ A
shallow IBS with position wigg *0.1eV and wigg ~ 0.2 eVare

obtained for the zinblende and wurtzite structures, respect-
ively. A much deeper IBS with position wﬁgs ~ 1.6 eV is found
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Fig. 2. (Color online) Band structure of the ZnO host with wurtzite,
zincblende, and rocksalt crystal structures. Adapted from Ref. [19].
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Fig. 3. (Color online) For Mn impurity in ZnO, hybridization parameter
Viq (k) of a Mn £ orbital with the valence bands and the conduction
bands. Adapted from Ref. [19].

with rocksalt structure. In addition, no IBS is found near the bot-
tom of conduction band for all three structures.
Impurity-impurity magnetic correlation function (M} M)
as a function of impurity separation R is shown in Fig. 5. a is
thelattice constant. For wurtzite structure, ferromagnetic correl-
ation between Mn impurities is obtained with chemical poten-
tial u =0.0. The range of the ferromagnetic correlation be-
comes longer with ;1= 0.15 eV. Ferromagnetic correlations be-
comes weaker with further increasing w. Similar results are ob-
tained for the zincblende structure, as shown in Fig. 5(b). A
longer range of ferromagnetic correlations is obtained in
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Fig. 4. (Color online) For Mn impurity in ZnO, square of the magnetic
moment at the impurity site <(Mz)2> as a function of the chemical po-
tential . The top of valence is energy zero, and the bottom of the con-
duction band is noted as vertical dashed lines. Adapted from Ref. [19].
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Fig.5.(Coloronline) For Mnimpurity in ZnO, impurity-impurity magnet-
ic correlation function (M%Mé) as a functino of distance R between
two impurities for the wurtzite, zincblende, and rocksalt structures. a
is lattice constant. Adapted from Ref. [19].

zincblende structure than thatin wurtzite structure. No magnet-
ic correlations is obtained for the rocksalt structure, as shown
in Fig. 5(c). This is due to the fact that the IBS of rocksalt struc-
ture is too deep, as seen in Fig. 4. These results show that, for
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Fig. 6. (Color online) For N impurity in MgO, host band and hybridiza-
tion. (a) MgO bands structure, where an direct band gap of 7.5 eV was
obtained. Hybridization between 2p orbitals of N and (b) valence
bands and (c) conduction bands of MgO. Adapted from Ref. [21].
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Fig. 7. (Color online) For N impurity in MgO, square of magnetic mo-
ment ((Mg)z) as a function of chemical potential w. Adapted from
Ref.[21].

shallow IBS, the ferromagnetic interaction between impurities
can be obtained as the condition u ~ wigs is satisfied.
3.2. dYtype Mg(O,N)

As another example of diluted magnetic semiconductors
with wide band gap, we discuss the ferromagnetism in the com-
pound N-doped MgO, which is the so-called d° magnetic semi-
conductors 211,

MgO has a rocksalt structure. The band structure of MgO
is shown in Fig. 6(a). The bottom of conduction band is domin-
ated by 3s orbital of Mg, and the top of valence bands mainly
comes from the 2p orbitals of O. At the T" point, a very wide
band gap of 7.5 eV is obtained.

The hybridization at the [" point between £ orbital of N im-
purity and valence bands of MgO is finite, while that with con-
duction band is zero. Since the gap edge of MgO is at T" point,
the hybridization value nearT" will be important. Due to the mix-
ing between impurity and host, an impurity bound state may
appear in the gap.
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Fig. 8. (Color online) For N impurity in MgO, impurity-impurity magnet-
ic correlation (MicMé ) as a function of distance R, for the impurity
level (a) €5 = -1.5eV and (b) €p =-0.5 eV. Adapted from Ref. [21].

The square of magnetic moment ((M;)z) as a function of
chemical potential i is shown in Fig. 7. Sharp increases in the
magnitude of ((M;)z) are observed, around the energy of
0.08 eV for the impurity 2p energy €p =—1.5 eV, and around
the energy of 0.35 eV for €, = —0.5 eV. Near the bottom of the
conduction band, no such sharp variation is observed. As
shown in Fig. 6, the hybridization with conduction band are
around zero at I', much weaker than the hybridization with
valence bands. The IBS is expected at the energy of sharp in-
crease (or decrease) in ((Mg)z) as a function of .

The magnetic correlation function (M} M5) of ¢ = x orbit-
als of N as a function of impurity separation R is studied, and
the results are shown in Fig. 8. a is lattice constant. For impur-
ity energy €, = —1.5 eV, ferromagnetic correlations are ob-
tained at chemical potential 4 = 0.0 eV. For €5 = —1.5 eV, the
IBS lies about 0.08 eV in the gap, as shown in Fig. 7. For u to
0.06 eV, ferromagnetic correlations become larger and longer.
These results confirmed that, like what we obtained in Mn-
doped ZnO case, for shallow IBS the ferromagnetic interaction
between impurities can develop as the condition u ~ wigs is
satisfied.

4, Diluted magnetic semiconductors with narrow
band gaps

4.1. Ba(Zn,Mn),As,

As an example of diluted magnetic semiconductors with
narrow band gaps, we discuss the ferromagnetism in the com-
pound Mn-doped BaZn,As, 71,

By using the Wien2k packagel®d, we calculate the band
structure €,(k) and hybridization parameters Vs, as shown
in Fig. 9. By the modified Beck-Johnson exchange potential
(mBJ) B37], the gap band Eg = 0.2 eV is obtained. It is consistent
with previous calculations!'# 381 and experimental valuel'l.

For Mnimpurityin BaZn, As,, theimpurity occupation num-
ber <n§> as a function of chemical potential u is shown in
Fig. 10(a). The top of valence band is set as 0, and the bottom
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ted from Ref. [17].
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Fig. 10. (Color online) For Mn impurity in BaZny Asy, chemical poten-
tial u dependence of (a) impurity occupation number (nf) of &, and
(b) magnetic correlation <MT§M§§> between impurities of the first-

nearest neighbor. The band gap of 0.2 eV is noted by dash lines. Adap-
ted from Ref. [17].

of conduction band is set as 0.2 eV. Sharp increases in ng are ob-
served. For the orbitals & = 72, xy, x* — y2, and xz(yz), the IBS ex-
ists at energy wigs = —0.5,-0.4,-0.2, and 0.0 eV, respect-
ively. Magnetic correlation (M%M%) between impurities of
the first-nearest neighbor is shown in Fig. 10(b).

For Mn impurities in BaZn, As,, we study the magnetic cor-

relation (M%MEQ as a function of the distance R. For p-type

0.2
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Fig. 11.(Color online) For Mn impurities in BaZn) Asy, magnetic correla-
tion <Mi;’rM§§> as a function of distance R. (a) Chemical potential is

set as u = -0.3 eV to model p-type case. (b) It is set as ;t = 0.15 eV for
n-type case. The first, second, and third nearest neighbors of R are
noted. Adapted from Ref. [17].

carriers, we take u =—-0.3 eV as shown in Fig. 11(a). Long-
range ferromagnetic coupling is obtained for the orbitals & =
x? —y2 and 7. For n-type n-type carriers, we take ¢t = 0.15 eV
asshowninFig. 11(b).Long-range ferromagnetic coupling is ob-
tained for the orbitals £ = xz and yz. Itis observed that the ferro-
magnetic interaction between impurities can develop as the
condition u— wygs is satisfied, when IBS is close to the band
edges.

4.2, Ba(Zn,Cr),As,

As other example of magnetic semiconductor with nar-
row band gap, we discuss the ferromagnetism in the com-
pound Cr-doped BaZn,As,['8l,

In host BaZn, As,, let us compare the ferromagnetic coup-
ling due to Crimpurities and that due to Mn impurities. The pos-
ition of IBS of Cr impurity is closer to the bottom of the conduc-
tion band than that of the Mn impurity, as shown in Fig. 12(a).
This is reasonable, since the energy level of Crimpurity is high-
er than that of the Mn impurity. The magnetic correlation
(M%Méé_,) between two impurities with the 1st nearest neigh-
bor is shown in Fig. 12(b). For n-type carrier with u ~ 0.2 eV,
the ferromagnetic correlation for the Cr impurity is expected.
It is more promising than that for the Mn impurity.

For Cr impurities in BaZn, As,, we study the magnetic cor-
relation (M%Még as a function of the distance R. For p-type
carriers, we take y=-0.1 eV as shown in Fig. 13(a). Long-range
ferromagnetic coupling is obtained for the orbital £ = x2 —y2.
For n-type carriers, we take u = 0.15 eV as shown in Fig. 13(b).
Long-range ferromagnetic coupling is obtained for the orbit-
als & = xz and yz. It is observed that the ferromagnetic interac-
tion between impurities can develop as the condition
U ~ wigs is satisfied, for both p- and -type carriers.

5. Two-dimensional magnetic semiconductors

5.1. Cr,Ge,Seq
As an example of 2D magnetic semiconductors, we dis-

B Gu: High temperature magnetic semiconductors: narrow band gaps and two-dimensional systems
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Fig. 12. (Color online) Cr impurity versus Mn impurity in host

BaZnyAsy. Chemical potential ;1 dependence of (a) impurity occupa-

tion number (r¢), and (b) magnetic correlation <M§§M§§> between

impurities of the 1st nearest neighbor. Adapted from Ref. [18].
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Fig. 13. (Color online) For Cr impurity in BaZnyAsy, magnetic correla-
tion (M%Méf) as a function of the distance R. (a) chemical poten-
tial is set as = -0.1 eV to model p-type case. (b) Itis setas u=0.15 eV
for n-type case. The first, second, and third nearest neighbors of R are

noted. Adapted from Ref. [18].

cussed our recent work on Crp Ge, Teg, which was predicted to
have room temperature T by applying a few percent strain39,

The structure of the CrpGe,Seg monolayer is depicted in
Fig. 14, whose space group is P31m (No.162). The band struc-
ture of CryGej Seg is obtained by DFT calculation, as shown in
Fig. 15. A band gap of 0.748 eV is observed.

For monolayer CrpGe,Seg, the normalized magnetization
asafunction of temperature is obtained by the Monte Carlo sim-
ulation and the DFT calculation, as shown in Fig. 16. The calcu-
lated Curie temperature for 2D CryGe;Seg is T¢ = 144 K. The
Curie temperature can be enhanced to 7T = 326 K by apply-
ing 3% tensile strain, and T'¢c = 500 K with 7% tensile strain, as
shown in Fig. 16. For 3% tensile strain, the volume cell in-
creases 9%. Our result predicts that 2D CryGe;Seg by apply-
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Fig. 15. (Color online) Electron band structure of two-dimensional
Crp Ge) Seg, obtained by the density functional theory calculations. Ad-
apted from Ref. [39].
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Fig. 16. (Color online) For two-dimensional Cry Gey Seg with different
tensile strains, the normalized magnetization as a function temperat-
ure. Adapted from Ref. [39].

ing a few percent strain can be a promising candidate for
room-temperature ferromagnetic semiconductor.

5.2. PtBr;

As another example of 2D magnetic semiconductors, we
discussed our recent work on PtBr3, which was predicted to
have room temperature T with quantum anomalous Hall ef-
fect (QAHE) 0],

PtBr3 monolayer has space group P31m (No.162), and the
structure is depicted in Fig. 17. Due to crystal field, the d orbit-
als Pt are split into threefold t,, and twofold eg orbitals, where
energy of eg orbitals is higher than that of 75, orbitals. Pt3+
has seven 5d electrons, six electrons occupied 7, orbitals, and
one fill €g orbitals. So, spin at Pt siteis S = 1/2.

B Gu: High temperature magnetic semiconductors: narrow band gaps and two-dimensional systems
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Fig. 17. (Color online) Crystal structure of two-dimensional PtBr3.
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Fig. 18. (Color online) The band structure of two-dimensional PdBr3,
where Chern number C of the nontrivial band near Fermi energy
EF is indicated, and the band gap is E}g = 28.1 meV. The result is ob-
tained by the density functional theory calculation. Adapted from
Ref. [40].
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Fig. 19. (Color online) For two-dimensional PtBr3,temperature depend-
ence of the normalized magnetic moment obtained by the Monte
Carlo simulation and the density functional theory calculation. Adap-
ted from Ref. [40].

The band structure of PtBr3 monolayers is calculated by
the DFT method, as shown in Fig. 18. Aband gap Eg = 28.1 meV
is obtained for PtBry monolayer due to the spin-orbit coupling.
Eg/kg is higher than room temperature. On the other hand, to-
pologically nontrivial band structure is characterized by a
nonzero Chern number C, which counts the number of edge
states. For the band just below the Fermi level, its Chern num-
ber C obtained by integrating the Berry curvature over the BZ
is 1, as shown by a line with red color in Fig. 18.

For monolayer PtBrs, the normalized magnetization as a
function of temperature is obtained by the Monte Carlo simula-
tion and the DFT calculation, as shown in Fig. 19. The calcu-
lated Curie temperature for 2D PtBr3 is T = 375 K. Since the
QAHE is expected due to the coexist of nonzero Chern num-
ber and ferromagnetism, the 2D PtBr3 can be potential candid-
ates with QAHE at room temperature.

6. Discussions

In 2016, an experimental team obtained a Curie temperat-
ure higherthan room temperature in Fe-doped p-type semicon-
ductor GaSb™'.. On the other hand, the ferromagnetic semicon-
ductor with n-type carriers has also been reported in recent ex-
perimental progress. In 2017, n-type semiconductor material
Ba (Zn,Co),As, sith T = 45 K was reported in experiment!'®l, In
2017, two experiment groupsl“2 43 reported that Curie temper-
ature higher than room temperature was obtained in Fe
doped n-type semiconductor InSb. In 2018, an experimental
team reported using electric fields to control Curie temperat-
ure in Fe doped n-type semiconductor InSb*4, A common fea-
ture of these magnetic semiconductor materials with high
Curie temperature is that the energy gap of the parent semicon-
ductors is very small, in line with the direction of the magnetic
semiconductors with narrow energy gap proposed by us in
2016!'71, The study of this direction has just started, and it is ur-
gent to further study the repeatability of experiments, the com-
parison of theory and experiment, the analysis of the fine elec-
tronic properties and magnetic properties of existing materi-
als, and the development of new materials.

The 2D magnetic semiconductor materials, which have
been reported in recent experiments, will undoubtedly greatly
promote the development of magnetic semiconductors3,
The research into 2D magnetic semiconductors is just in its in-
fancy, and many problems need to be studied urgently, such
as key material parameters affecting ferromagnetism, the topo-
logical properties of the system, the transport properties and
so on. The 2D magnetic semiconductors are becoming a hot re-
search topic, and show potential as a powerful application pro-
spect.
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