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Bi,0,Se is a novel layer-structured material with high electron mobility, while its efficiency could be greatly
improved by doping different elements to introduce a magnetic spin order. We investigated the electronic and
magnetic properties of various transition metal (TM) (TM = Mn, Cr, Fe, Co, and Ni) doped Bi,O,Se within a
framework of density functional theory (DFT), and discovered that Bi,_, X, 0,Se exhibits long-range magnetic
ordered structure via competition among double-exchange, p-d exchange, and superexchange interaction. The
magnetic order of the bulk phase in which the magnetic atoms form interlayer coupling would vary with
the type and concentration of doped atoms, but all the layered phases in which the magnetic atoms are in-plane
coupled show ferromagnetic order. By combing DFT calculations with the Monte Carlo scheme, we solve
the exchange interaction constants for the Heisenberg model and further evaluate the Curie temperatures of
Bi,_, X,,0,Se. Ferromagnetic order for most doped systems exhibit to be robust with high Curie temperature,
some of which overcomes room temperature (for 12.5% Co-doped layer Bi,O,Se). It is also worth mentioning
that the appearance of impurity energy levels narrows the band gap and enhances the spin-orbit coupling of d
orbitals and therefore increase large magnetic anisotropy energy. Our study demonstrates a potential pathway to
design new dilute magnetic semiconductors through doping of Bi,_,X,0,Se by magnetic transitional elements.
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I. INTRODUCTION

Due to the increasing demand for electronic components
with high information transmission efficiency and low energy
consumption, dilute magnetic semiconductors (DMSs) [1],
which can exploit not only the charge properties but also
the spin of carriers, has become more valuable. Furthermore,
the field effect devices can be constructed for the intrinsic
two-dimensional (2D) semiconductors due to the electrostatic
shielding in the original block weakened, thus, 2D DMS has
become a new focus in this field. The strategy on doping
transition metal (TM) impurities (Cr, Mn, Fe, Co, Ni) into 2D
semiconductors [2], which can induce the long-range order,
becomes one of the most important schemes to achieve the
ferromagnetic semiconducting device. Since high mobility
magnetic thin film semiconductors can lead to scalable fab-
rication of high performance devices, numerous works have
focused on 2D DMS with high mobility [3-5]. In previous
works, a large magnetic moment, suitable semiconductor
band gap, and high Curie temperature (7.) became primary
goals of the research. Meanwhile, two-dimensional magnetic
anisotropy is also a significant factor. Because the strong ther-
mal fluctuations may easily destroy the 2D ferromagnetism
according to the Mermin-Wagner theorem, the presence of a
spin-wave excitation gap which is a direct result of magnetic
anisotropy with out-of-plane easy axis is essential for long-
range ferromagnetic order in the layer phase at finite (nonzero)
temperatures [3,6]. To achieve attractive properties, both the
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pristine semiconductor and the doping element are critical
for its realistic application. In our paper we explore the 2D
DMS species by magnetic transitional metal doping with the
emphasis of the electrostatic interlayer forces.

Recently, the layer-structured material Bi,O,Se with elec-
trostatic interaction as the interlayer force, which possesses
extremely high electronic mobility, attracted great interest
[7-9] and has already been demonstrated to be the promising
semiconductor as the top-gated field-effect transistors and
pyroelectric material. The excellent properties of BiO,Se
inspire people to explore its application as the magnetic
semiconductor. First, the Bi-O or Bi-Se based compounds
have been demonstrated to exhibit strong exchange coupling
when doped by the magnetic element, and hence the stable
ferromagnetic order can be expected in Bi;O,Se. Second, the
heavy element Bi and the crystal field splitting of TMs cause
the hybridization of TMs and O increasing the strong spin-
orbit interaction and leading to stronger magnetic anisotropy
energy (MAE). Third, the layered-structure nature of Bi;O,Se
provides the opportunity for the preparation of magnetic
layered-structure materials, which is also one of the most
important topics in the field of low-dimensional materials
[7-9] and therefore deserves a following detailed study.

In the present work we theoretically explore the effect of
TMs doping in both bulk and monolayered Bi,O,Se phases,
and investigated different ferromagnetic properties under dif-
ferent doping elements and various doping levels. On the basis
of the charge distribution analysis and bonding conditions of
the stable structure, we explain the formation of the long-
range magnetic order from the point of exchange interac-
tions. Our Monte Carlo simulation along with the exchange
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FIG. 1. (a) Crystal structures of TMs-doped Bi,_, X, 0,Se. (b) AEgy-arm 0of Biz—, X,,0,Se in different doping phases. In layer phases, all
dopants are FM; in 12.5% bulk phases, Cr and Mn dopant are FM; and in 3.125% bulk phases, Ni dopant are FM. (c) Upper limit of average

formation energy (E/Nrv) of TM doping Bi,O,Se.

parameters based on the Heisenberg model and electronic
structure are presented, showing a clear trend on the formation
of ferromagnetic phase and the stability of long-range order
even near the room temperature [10]. Furthermore, it is found
that the strong spin-orbit coupling induces a strong magnetic
anisotropic effect similar to the one in Ref. [11]. From bulk
phase to layer phase, the anisotropic energy is significantly
enhanced, which proved that most of the TMs-doped lay-
ered phases have two-dimensional ferromagnetic order. The
only exception is for the Fe-doped layered phase. Based on
the spin-orbit coupling matrix elements, we can analyze the
source of magnetic anisotropy. To conclude, this work has
discovered TM-doping 2D layered ferromagnetic semicon-
ductors with high Curie temperature and magnetic anisotropy,
and the generation of magnetic sequence is analyzed, which
will further broaden the horizon for the development of the
DMSs.

II. METHODOLOGY

All the first-principles calculations are performed using
the Vienna ab initio simulation package (VASP). Electron
exchange and correlation effects are treated by Perdew-Burke-
Ernzerhof (PBE) parametrized generalized gradient approx-
imations [12]. Kinetic energy cutoff for the plane waves
is set at 500 eV; sampling of the Brillouin zone for bulk
of 2 x 2 x 1 and 4 x 4 x 1 supercells are done with
9 x9 x9and 6 x 6 x 8 k-points meshes, while for the
layer sample with k-points meshes 11 x 11 x 1 and 9 x
9 x 1 k points. When calculating the MAE we increased
a set k-points mesh to a 10 x 10 x 1 grid to ensure the
accuracy of total energy. To optimize conformations of the

doped system, fully structure relaxation is performed until the
forces become lower than 0.01 eV /A. For the correction of the
on-site repulsive interaction, the transition element d electron
states atoms are treated by the LDA+U method introduced
by Dudarev [13], and U —J = 5eV was used in order to
increasing Coulomb repulsive potential. The value of U — J
was obtained by fitting the results calculated by HSEQ6 [14],
as shown in Sec. II of the Supplemental Material [15]. In order
to study the relationship between the magnetic properties and
the doping concentration, we have designed both bulk (12.5%,
3.125%) and layer (12.5%) different doping levels. As shown
in Fig. 1(a), we selected Cr, Mn, Fe, Co, and Ni as the mag-
netic doping elements. They are the commonly used dopants
for introducing the magnetic moment, and we will also show
their strong spin polarization in the following text. Here we
focused on the study of the band structure, the long-range
magnetic order, the T;, and the magnetic anisotropic effect,
which are also the main concerns in the field of magnetism.

III. RESULTS AND DISCUSSION

A. Magnetic order and density of states analysis

Doping TM atoms into semiconductors, the magnetic
ground state depends on the coupling state of the impurity
atom and its surrounding atoms, and spin polarized state for
TM dopants can be formed. As one kind of layered structure
material, the magnetic properties of layered Bi,_,X,0,Se is
very important, and it can be predicted that the electronic
structure and magnetic order should be also quite differ-
ent. Before investigating the electronic and magnetic prop-
erties, we first survey the upper (rich-Bi) and lower limits
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FIG. 2. The spin-resolved projected density of states of the d orbit of TM (TM = Cr, Mn, Fe, Co, Ni) and unhybrid TM, p orbit of Se and
O. Bulks and layers with 12.5% dopant are above and down, respectively. The Fermi level is denoted by a dashed line at O eV.

(poor-Bi) of formation energy, as summarized in Sec. I of
the Supplemental Material [15—17]. Obviously all TM doped
phases in the Bi-poor environment are more stable than in
the rich-Bi environment. It can be seen that most phases
are thermodynamically stable. Although Co/Ni-doped 12.5%
bulk phase, Co-doped 3.125% bulk phase, and Ni-doped layer
phase [as shown in Fig. 1(c)] are thermodynamically unstable
in the rich-Bi case, the synthesis of those phases would be
facile in the poor-Bi case. Oxygen plays an important role in
the formation of long-range order as it acts as a bridge for
coupling. Here we simulated the doping effect of magnetic
elements both in a monolayer as well as in bulk Bi,O,Se.
Based on the fact that all of the dopants possess the overall
spin polarization, we discussed the long-range magnetic order,
and see whether the spin polarization prefers to stay ferromag-
netic (FM) or antiferromagnetic (AFM). Here the parameter
AEryv.arM, Which is defined as the energy difference between
AFM order and FM order, is calculated to identify the stable
magnetic order (positive value means FM state is energetically
favored, while negative value stands for more stable AFM
state).

The long-range magnetic orders and the magnitudes of
AEgpy.apm for both layered and bulked phases (with both the
doping concentrations of 12.5% and 3.125%) are summarized
in Fig. 1(b). The layered phase exhibits quite different mag-
netic stability compared to the bulk phase. In general, the
layered phase exhibits much higher AEgy.apv and FM order
is energetically more favored. In bulk phases, both FM and
AFM orders can be formed for different kinds of dopants.
In the 12.5% doping level of bulk phase, Bij 75Cry250,Se

and Bi; 75Mng250,Se prefer the FM order. In the 3.125%
doping level of bulk phase, only Bi; 9375Nig 06250, Se exhibits
FM order. These sentences imply that the others are AFM
ordering. The magnetism of DMSs comes from the on-site
electrons of the TM atoms, and as the d electrons of TM atoms
occupy different orbits, the energy and magnetism changes.
The doped atoms cause the rearrangement of electrons among
neighboring atoms, which make a great influence on the edge
state of Biy_,X,0,Se. In order to investigate the coupling
between TMs and surrounding atoms, we calculated the den-
sity of state (DOS) for Cr-, Mn-, Fe-, Co-, and Ni-doped
Bi,_,X,,0,Se, as shown in Figs. 2(a)-2(f).

The magnetic order is determined by the competition
between different magnetic exchange mechanisms, which is
the fundamental origination of the different magnetic order
induced by various concentrations or distances between TM
elements. These mechanisms are as follows: (1) States broad-
ening near the highest occupied molecular orbital (double
exchange interaction). (2) Coupling of p orbitals of Se and
d orbitals of TMs (p-d exchange interaction). (3) Indirect
exchange through the electron cloud of intermediate atoms
(superexchange interaction) [1]. In the bulk phase with 12.5%
doping level, it can be seen from Figs. 2(b) and 2(c) that
Cr/Mn doping elements bring states to the valence bands in
a way the system becomes metallic [18]. Such a dispersive
band is induced by the strong hybridization between d orbits
of TMs and p orbits of Se, while the states of d orbits
were broadened and new antibonding orbits were formed, see
Fig. 3. Such characteristics of hybridization clearly indicate
the double exchange interaction [10,19]. Meanwhile, the p
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FIG. 3. Crystal orbital Hamiltonian population analysis of spin polarization and chemical bonding in FM order phase. The blue and
red region indicates that the spin is up and down, respectively. If —COHP <0 (>0), two atoms hybridize in this energy region to form
an antibonding orbital (bonding orbital). State of TM-O/Se is a generally bonding state in low energy level, and the antibonding orbitals
are partially occupied. (a) and (b) COHP of Cr/Mn-Se in bulk 12.5% phases. (c¢)-(g) COHP of Cr/Mn/Fe/Co/Ni-O in layer 12.5% phases,

respectively.

orbits of Se are hybridized with the d orbits of TM, causing
the p orbit of Se splits. The state of upward spin moves to
the region of the high energy, and the state of downward spin
is basically fully filled, which induces magnetic moment on
Se. The magnetic moment is arranged antiparallel to the TM
magnetic moment [20]. With the induced magnetic moment of
Se as a bridge, TM atoms can form long-range ferromagnetic
coupling. Also, there is an antiferromagnetic superexchange
between TM-Se-TM which competes with the p-d exchange
[21]. When two atoms are antiferromagnetic coupled by the
superexchange, the fully occupied states at the low energy
level are shifted to the lower energy region and the unoccupied
states at the high energy level move to even higher energy
region, thus band energy is gained which stabilizes the anti-
ferromagnetic coupling. Through crystal orbital Hamiltonian
population analysis (COHP) [18,22,23], as shown in Figs. 3(a)
and 3(b), we find that the antibonding orbitals formed by
Cr/Mn and Se atoms are partially occupied and close to the
highest occupied state. Because the d orbitals of the two
TMs are less than half-filled, their superexchange interaction
is also weakened, which makes them gain energy by ferro-
magnetic order formation. On the contrary, in the case of Fe,
Co, and Ni dopants, as shown in Figs. 2(d)-2(f), the PDOS
profile shows a highly localized state far from Fermi level,
which becomes dispersive after the hybridization between
impurity elements and Se atoms. This strong antiferromag-
netic exchange leads to the appearance of antiferromagnetic
order.

As for bulk phase with 3.125% doping level, only
Bij 9375Nig 062502Se shows FM order while others are AFM
order. With the decrease of the doping concentration of TM
atoms, the distance of the nearest neighbor TM atoms be-
comes a little shorter, but the distance of the next nearest
neighbor TM atom is large enough to ignore the interac-
tion between these two atoms, causing the broadening of
the states near Fermi level of Bi; 9375X0 062502Se which de-
crease compared to the bulk Bij 75X0250,Se (X = Cr, Mn).
Superexchange effect still stays strong and therefore such
a doped system exhibits an antiferromagnetic ordering. For
Bi| 9375Nig.062502Se, the d orbitals of Ni strongly hybridized
with the p orbitals of Se and O atoms, resulting in full band
shift to lower energies, and the stronger p-d coupling and
exchange effects make the FM order preferable.

For the monolayered phases, all of the dopants induce
the FM order. As a short-range exchange interaction, su-
perexchange interaction is greatly weakened in the layered
phase resulting from the coupling and transfer of electrons
in different orbitals within just limited two dimensions. It
can be seen from Figs. 2(a)-2(f) that the TM atoms have
strong bonding with the surrounding O atoms. Because the 2D
quantum effect is more significant in the layered system, the
contribution by the indirect exchange interaction will domi-
nate these layered systems [24,25]. Through COHP analysis
illustrated in Figs. 3(c)-3(g), the bonding of TM and O in the
layered phase is highly consistent: the orbits in the valence
band are all antibond orbitals, and the antibond orbitals in
the conduction band are partially occupied, which ensures the
stability of the ferromagnetic order.

B. Magnetic exchange interaction and Curie temperature

T. is one of the most important physical quantities to
evaluate the properties of DMSs, especially for the stability
of ferromagnetic order. Here we chose the Monte Carlo (MC)
model [26] to evaluate the 7,. For most magnetic materi-
als, the exchange interactions are the dominant contribution
to the ordered arrangement of atomic magnetic moments, and
the exchange interaction strength J;; is the most important
parameter to describe the interactions between spins S; and
S; by the equation

Heo=—-) J;SiS), (0
ij

in which H, is Heisenberg model Hamiltonian.

We need to construct different antiferromagnetic and sub-
ferromagnetic structures to solve this set of linear equations
to obtain the J;; values. By ignoring the negligible interaction
between the farthest magnetic atoms, we evaluate exchange
interaction by constructing the first-, second-, and third-
neighbor exchange coupling parameters J;, J», and J3 [27,28].
These parameters can be achieved by computing the total
energies per formula unit for four kinds of long-range orders:
the ferromagnetic order (Ej), the type I antiferromagnetic
order (E), the type II antiferromagnetic order (E5), and type
IIT antiferromagnetic (E3) order (magnetic orders of the layer
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TABLE 1. Electrons in each d orbital, magnetic moment of each doping TM, exchange constants J;, J,, and J5 calculated by Egs. (2)—(5).

Electrons dyy dy, do d,, dxz,},z Magn. moment/uB Ji/meV Jo/meV J3/meV
Crp 0.96 0.92 0.93 0.91 0.23 3.81 5.04 2.73 2.34
Cr| —0.01 —0.03 —0.02 -0.07 —-0.14

Mn+t 0.94 0.95 0.94 0.95 0.96 4.65 9.41 1.58 2.57
Mn| —0.11 —0.07 —0.01 —-0.01 —0.01

Fet 0.98 0.98 0.97 0.98 0.99 4.18 AFM AFM AFM
Fe| —-0.07 —-0.17 —0.11 —-0.18 —0.31

Cot 0.97 0.97 0.96 0.97 0.99 2.74 AFM AFM AFM
Col —0.95 —0.05 —0.95 —0.05 —-0.15

Nit 0.98 0.97 0.96 0.97 0.99 1.63 AFM AFM AFM
Nil —0.07 —0.96 —0.94 —0.96 —0.35

Layer Crt 0.95 0.91 0.91 0.94 0.25 3.81 14.13 11.61 6.22
Layer Cr| —-0.03 —0.03 —0.03 —-0.03 —0.16

Layer Mn1 0.96 0.95 0.93 0.95 0.54 3.95 10.42 3.95 1.54
Layer Mn|, —0.06 —0.05 —0.06 —0.04 —-0.25

Layer Fet 0.97 0.97 0.95 0.97 0.99 3.74 12.52 10.82 7.21
Layer Fe| —0.03 —0.03 —-0.91 0.03 0.17

Layer Cot 0.97 0.97 0.95 0.97 0.99 2.73 10.23 27.84 7.41
Layer Co| —0.95 —0.06 —0.94 —0.05 —-0.17

Layer Nit 0.98 0.98 0.96 0.97 0.99 1.69 12.93 6.32 4.01
Layer NiJ, —-0.97 —0.08 —-0.92 —0.96 —0.31

phase are illustrated by Fig. S2 in the Supplemental Material Then the J},J,, and J3 can be solved as

[15D). o 2Eo+E, —2E, — E;
For bulk phase, the relationship between the calculated Ji=- 1652 ) (13)
energies and the exchange parameters can be expressed as , SEy —E, — 2E, + Ex "
2= 3 )
Eo=E — $4J\ +8J> + 815), @ >
7 —E+2E, - E; 15)
3= "".
E\=E - $*4], — 8], — 8J3), 3) 8s®
E, =E — S?(—4J, — 8], + 8J3), 4) After the exchqnge cqrrelation coefﬁpient is obtained (Table I)
[29], the MC simulation can be carried out, and the 7, can be
Ey=E — S2(—4J, + 8], — 8J3). (5) achieving by fitting the function:
T\
m(T):a(l —T—> , (16)
Then the J;,J5, and J3 can be solved as ¢
when m(T) approaches 0.
Ey+E,—E, —E; The T. can be accurately extracted from characteristic
Ji=- 1652 ) (6) temperature for the materials as illustrated in Fig. 4. Dif-
Eo—E, —E,+E ferent dopants can result in quite different 7;, and we note
Jr=— 7 that the 7. obviously exceed the liquid nitrogen temperature
5 L~ 3 (7)  that the T, obviously d the liquid nitrog p
328 (77 K) [30]. In the system of bulk, both Bi;75Cro50,Se
Is = _Ey—E\+E,—E; (8  and Bii;sMnos0,Se exhibit the 7; between 104 and 138 K
3282 ' [Fig. 4(b)]. For Bij.g375Nig062502S¢e, the magnitude of T,

is as high as 199 K, which can be viewed as the material
with very good magnetic stability, even comparing with the
commonly used ferromagnetic materials [31,32]. The value of
T; primarily determined by the strength of J;;, and the stronger
magnetic coupling correlation, can always induce the more

For layer phases, the relationship between the calculated
energies and the exchange parameters can be expressed as

Eo=E — S*(4]1 + 82 + 2J3), (9 stable magnetic order against the thermal fluctuations.
It can be also predicted that different 7. can be induced
E\=E — S*4J, — 812 — 2J5), (10) by the monolayered doped phases. In Fig. S5(c) the magne-
5 tization evolutions for different dopants are plotted [15]. The
E, =E —§°(2]3), (I1) " magnitudes of 7, for Cr, Fe, Co, and Ni dopants can be as
high as 210, 151, 317, and 132 K, respectively. Therefore, the
E3; =E — S (—4J1 + 812 = 2J5). 12) layered phase not only provides more choices on realizing the
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FIG. 4. (a) Curie temperature of bulk and layer Bi,_,X,0,Se. (b) Monte Carlo simulation curves and 7, of bulk phases: Bi; 7sMng,50,Se
(104 K), Bi; 75Crp250,Se (138 K), and Bi; 9375Nig 0625025e (199 K). (c) Monte Carlo simulation curves and 7, of layer phases. Cr dopant
(210 K), Mn dopant (33 K), Fe dopant (151 K), Co dopant (317 K), and Ni dopant (132 K).

FM order, but also induces very robust magnetization, even at
room temperature, i.e., for Co dopant. This can be understood
by the existence of the interlayer interactions only in mono-
layered Bi,_,X,0,Se, as the intralayer coupling disappears.
Such high 7, is mainly attributed to the larger value of J;;
within the x — y plane of the layered phase, which depends
on the strength of Ruderman-Kittel-Kasuya-Yosida exchange
under different correlative paths. As can be seen from Table I,
there is little difference among the value of parameter J;, so
the indirect exchange J, and J; are the determining factors
of T.. The simulation result clearly indicates that the high
T, can be achieved by magnetic element doping, and such
ferromagnetic Bi,_,X,0,Se can be even possibly applied in
the manufacture of electronic components.

C. Band structure and electron occupation

We further discuss the band structure and electron oc-
cupation of Biy_,X,0,Se. Compared with the freestanding
transition metal atoms, the electronic arrangement of the
doped atoms in diluted magnetic semiconductors has changed
significantly because of the strong electronegativity of O
atoms around the TM atoms. In Table I we listed the integrated
occupation number for five d orbit components for both up-
spin and down-spin electrons. A remarkable rearrangement
of electrons occurs due to the crystal field of transition metal
atoms. It can be clearly seen that the up-spin state is always
fully occupied (occupation number approaches one) except
for Cr dopant, and the number of occupied down-spin states
then determines the overall magnetic moment. That is the
reason why the Mn atom, which possesses the half-filled
configuration, can induce the largest spin polarization among
all of the dopants.

We further studied the spatial spin distribution in order
to achieve the interaction mechanism between TM and the
surrounding anions. The spin charge density is quantitatively
analyzed and plotted in Fig. S6 [15]. It is strongly indicated
that the neighboring ions are also spin polarized due to the
exchange effect, especially O atoms. As shown in Figs. S6(a)
and S6(b), the coupling between Cr/Mn dopants and O/Se
is antiferromagnetic [15]. In terms of electron occupation,
the orbits in the z direction of Cr and Mn are always in a
semifull state, and the Cr/Mn states are generally close to

the highest occupied state. Such an arrangement of electrons
results [Figs. 2(b) and 2(c)] in the splitting between the up
and down symmetric energy levels of Se and the shift of the
upward spin energy levels to the higher energy. Following
with such asymmetry of the filling of Se electrons, the p-d
exchange interaction is very significant [29].

The band structures for 3.125% doped bulk, 12.5% doped
bulk, and 12.5% doped monolayered phases are shown as
Figs. S3 and S2 in the Supplemental Material [15] and
Fig. 5, respectively. As the indirect band gap semiconductor,
the composition of conduction band minimum (CBM) and
valance band maximum (VBM) of Bi,O,Se, respectively,
are dominated by the hybridization between p., p, orbits
of Se atoms and p, orbits of Bi atoms [33]. When doping
with the TM atoms into Bi,O,Se, impurity energy levels are
introduced into the band structure. It is obvious that the flat
bands with weak dispersions are contributed by the delocal-
ized d orbitals. Energy bands of 12.5% Cr-/Ni-doped layer
and 12.5% Cr-/Mn-/Ni-doped bulk are similar to a metal case:
their highest occupied states (Fermi levels) are in valence
band. We also notice that the dopants in bulk cases except Co
and in layered ones except Ni can change the band gap from
the indirect one into the direct one with both VBM and CBM
located at the I" point. Due to the increase of electrons by the
doped atoms, semiconductors exhibit the characteristics of N
type.

The d orbits of different transition metal atoms are intro-
duced into the band gap, which makes it easier for electrons
to transfer into higher energy levels [34]. In all energy bands,
the states close to the highest occupied state are always
composed of the p orbitals of the Se atom. After doping,
TMs hybridize with adjacent Se atoms, and the resulting
states appear at the vicinity of the highest occupied state
and at the band gap. In the bulk materials doped with Fe,
Co, or Ni atoms, some of the mixed state locates within
the band gap, while doped with Cr/Mn, these states tend to
appear at the band edge. In contrast, in the layered phases,
the mixed state is always located in the band gap. Due to the
quantum confinement effect, the band gap of layered phase is
broadened, which makes it possible to modulate the properties
of semiconductors. To summarize, the hybridization of the d
orbits of the TMs and p orbits of the neighbor atoms results
in a band energy change and the electrons distribution. This
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FIG. 5. (a)—(f) Band structure of TMs doped layer Bi,_,X,,0,Se (12.5% doping level). The band gaps of DMSs are 1.56, 0.53, 1.48, 0.89,
0.17, and 1.34 eV, respectively. Red and blue lines are spin-up (majority spin) and spin-down (minority spin) band, respectively. The impurity
states in the forbidden band are generally formed by the hybridization of the p orbitals of Se and the partial d orbitals of TMs.

induces the exchange splitting for up and down electrons
(a generation of a net spin magnetic moment). At the
same time, it improves the original semiconductor properties
through reducing band gap and making the electronic transi-
tion easier.

D. Magnetic anisotropy energy

The magnetic energy (crystalline) anisotropy, which corre-
sponds to the magnetization orientation dependent properties
of the FM system, is one of the most important magnetic
properties for spintronic applications. The orientation of spin
polarization corresponds to the minimum of the total energy
along magnetization direction (easy axis) at low tempera-
ture. We evaluate the magnetic anisotropic energy (MAE)
by calculating the difference of total energies on magnetiza-
tion directions of [001] and [100] (MAE = E[OOI] — E[IOO])
including the spin-orbit coupling (SOC). According to this
definition, positive MAE stands for the in-plane magnetic
anisotropy, while negative MAE stands for the perpendicular

magnetic anisotropy. According to the previous description,
the existence of two-dimensional layered magnetic order is
based on large magnetic anisotropy with easy axis along
[001] direction. We mainly consider the monolayered phase
and demonstrate that the magnetic anisotropy of BiO,Se-
based diluted magnetic semiconductors is increased by doped
magnetic atoms significantly.

The magnitudes of MAE for five doped elements are
shown as Fig. 6(a). In general, layered Bi,_,X,0,Se exhibits
remarkable MAE. Cr-, Mn-, Co-, and Ni-doped systems tends
to prefer the [001] magnetization axis by 1.10, 0.46, 0.46, and
1.04 meV/TM atom, respectively. In contrast, an Fe-doped
system exhibit in-plane magnetic anisotropy, as large as 2.75
meV /TM atom. The strength of magnetic anisotropy in doped
Bi,0,Se with FM order is comparable or even larger than
that in other 2D intrinsic or doped ferromagnetic material
[4,30,35]. Compared with bulk phases, the MAE of layered
phases is one order of magnitude higher.

In order to explore the origin of magnetic anisotropy,
we construct k-resolved anisotropy by means of force
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FIG. 6. (a) MAE of TMs-doped layer phases. Fe-doped layer phase is in-plane anisotropy, and Cr-, Mn-, Co-, and Ni-doped layer phases
are out-of-plane anisotropy. (b)—(f) SOC matrix of TMs in layers. The column at the intersection of the straight line represents the energy
change caused by the coupling of the two orbits. Column >0 meV represents in-plane anisotropy, and column <0 meV represents out-of-plane

anisotropy.

theorem [36]:

MAE(k) = ) [n{"'e®' — n}e)], (17)
k

where k and i are the k point and band indexes of the
magnetization direction along [100] and [001], respectively,
n; is the occupation number of this band, and e; is the
energy of band i at k point. The anisotropic energy of k point
fluctuates in the two-dimensional Brillouin zone as shown in
Figs. S7(a)-S7(e) [15]. In the Cr/Fe/Ni doped layer phase,
the energy distribution tends to be close to zero near the I'
point, indicating that the eigenvalues at this point are not sus-
ceptible to the influence of the magnetic field [37]. Since the
SOC interaction breaks the symmetry of the two-dimensional
Brillouin zone, the energy eigenvalues of k points with respect
to the symmetry of high symmetric points in k space are not
equal. It is shown that the energy difference of the layered
phase in different magnetization directions is large when it is
near the boundary of the two-dimensional Brillouin zone.

We further analyze the contributions to MAE at atomic
level, in order to gain the insight into the origin of the
magnetic anisotropy. The matrix of SOC, containing the
contribution from the hybridization between each of two d
orbits of TM atoms, is calculated. According to the energy
shown by the SOC matrix, most of the anisotropic energy
comes from the coupling between d orbitals of TM atoms.
This is mainly due to the fact that the valence electrons
of other elements are p electrons and do not have strong
anisotropy. The components are plotted as Figs. 6(b)-6(e).
The expectation value of Eg, is twice the actual value of

the total energy correction to the second order in SOC, i.e.,
MAE =~ 0.5AE . [37]. Different matrix elements make dif-
ferent contributions to the orientation of anisotropy, and the
overall easy magnetization orientation is determined by the
summation of all of them. The overlapping matrixes for Cr,
Mn, and Co dopants are similar, while the d,, and d,, orbits
are semifilled and can contribute perpendicular anisotropic
energy when coupling with other orbits, and SOC matrix
elements (dy,|Hsoldy;) and (d,;|Hso|d,>) dominate the MAE.
For Ni dopant, although the in-plane anisotropic energy by
(dy;|Hsold2) is extremely large, the out-of-plane coupling
of other three components, (d.,|Hsold\>_y2), {dy;|Hsold\2_y2),
and (dy;|Hsold,;), reversed this trend. For Fe dopant, the
in-plane coupling of (dy,|Hsol|dy>_y2) or {(dy;|Hsol|d) make
the greatest contribution, so the in-plane anisotropy can be
formed. It is really interesting to find that {(d.,|Hso|d,>_,>) and
(dy;|Hsold,2) play a different role. Considering the electron
occupation, we can achieve that different occupation of d
states lead to different anisotropy directions. When the d,, and
d,»_y» are half-occupied, the anisotropy is the strongest tends
to be in-plane anisotropy. On the basis of the half-occupied
state, the increase or decrease of electrons would both weaken
the in-plane anisotropy and even make it turn out-of-plane.

IV. CONCLUSIONS

In summary, we conducted a combined DFT and Monte
Carlo study of magnetic ordering in both bulk and layer
Bi;_,X,,0,Se by a magnetic element doping scheme. It is
found that all of the doping elements we used, Cr, Mn, Fe,
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Co, and Ni, can induce very strong spin polarization, while
the 7. of Bijg375Nig062502Se can be as high as 199 K.
Particularly, their layered phase counterparts are investigated
and the enhanced ferromagnetic properties are found, e.g., a
T, reaching to 317 K for layered Bi; 75C09250,Se. On the
basis of these simulation results, we explore the origin of the
magnetic order from the perspective of exchange mechanisms.
Investigated bulk and layers phases were identified as ferro-
magnetic semiconductors with largest band gaps of 0.62 and
1.48 eV, respectively. We demonstrated that the robust long-
range ferromagnetic ordering aligns in the in-plane direction
of Fe-doped layer phase and in the out-of-plane direction of
Cr-, Mn-, Co-, and Ni-doped layer phase, respectively. We an-
alyze the origin of the out-of-plane MAE that is crucial for the
2D materials to have long-range order for finite temperatures.
Our theoretical exploration provides guidance for the study of
its properties, and motivates the further study of those systems
with the aim to tailor their magnetic properties of doped layer
Bi,0,Se for novel electronic applications.
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