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The interlayer antiferromagnetic coupling hinders the observation of quantum anomalous Hall effect in
magnetic topological insulator MnBi,Tes. We demonstrate that interlayer ferromagnetism can be established
by utilizing the p-doping method in MnBi,Tes; multilayers. In two septuple layers system, the interlayer
ferromagnetic coupling appears by doping nonmagnetic elements (e.g., N, P, As, Na, Mg, K, and Ca), due
to the redistribution of orbital occupations of Mn. We further find that Mg and Ca elements are the most
suitable candidates because of their low formation energy. Although, the p-doped two septuple layers exhibit
topologically trivial band structure, the increase of layer thickness to three (four) septuple layers with Ca (Mg)
dopants leads to the formation of the quantum anomalous Hall effect. Our proposed p-doping strategy without
introducing additional magnetic disorder not only makes MnBi,Tes become an ideal platform to realize the
high-temperature quantum anomalous Hall effect without external magnetic field, but also can compensate the

electrons from the intrinsic n-type defects in MnBi, Te,.
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I. INTRODUCTION

Quantum anomalous Hall effect (QAHE) is a typical topo-
logical quantum phenomena with quantized Hall resistance
and vanishing longitudinal resistance in the absence of ex-
ternal magnetic field [1-3]. It is promising in designing
low-power electronic devices due to its dissipationless elec-
tronic transport properties. Although it was first theoretically
proposed by Haldane in 1988 [4], the exploration of the
QAHE began to attract huge interest ever since the first ex-
foliation of monolayer graphene in 2004 [5]. After that, there
have been various proposed recipes in designing the QAHE
[6-17], among which the magnetic topological insulator is the
most favorable system by both theoretical and experimental
studies due to its inherently strong spin-orbit coupling [18,19].
To realize the QAHE, the ferromagnetism is prerequisite and
can be engineered by magnetic doping [9,20-26]. It was
indeed theoretically proposed [9] in 2010 and later experimen-
tally observed in 2013 in the magnetically doped topological
insulator thin films [27-31]. However, the major obstacle,
hindering the practical applications of QAHE, is the extremely
low QAHE-observation temperature. Therefore, more efforts
are being made to increase the QAHE observation temperature
via various doping schemes in topological insulators [24-26].

Alternatively, MnBi, Te4, composed of septuple-layer (SL)
blocks stacking along the [0001] direction via van der Waals
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interaction [see Figs. 1(a) and 1(b)], becomes an appealing
host material to realize exotic topological phases [32-35].
It exhibits intrinsic magnetism, following the A-type anti-
ferromagnetic order, where the neighboring ferromagnetic
Mn layers are coupled in an antiparallel manner [33,34].
It was reported that the QAHE can be observed at 6.5 K
in a five-SL MnBi,Tes flake, when an external magnetic
field is applied; while the zero-field QAHE can only be
observed at 1.4 K with ultrahigh sample quality [36,37].
The sensitivity of the QAHE on the sample quality in-
dicates that the interlayer antiferromagnetic coupling is a
critical obstacle in the QAHE formation, and the interlayer
ferromagnetism is highly desired. The interlayer magnetic
coupling of van der Waals materials is determined by the d-
orbital occupation of transition metals [38—40]. One approach
to manipulate the interlayer ferromagnetism is by stacking
different d-orbital occupied van der Waals materials, e.g.,
MnBi,Tes/V(Eu)Bi, Tey [39,40]. As demonstrated in below,
another most efficient approach is by directly doping nonmag-
netic p-type elements into MnBi, Te,.

In this work, we provide a systematic study on the
magnetic and electronic properties of nonmagnetic p-doped
MnBi,Te, multilayers by using first-principles calculation
methods. In two-SL MnBi,Te4, the interlayer ferromagnetic
coupling can be realized by doping various nonmagnetic p-
type elements (e.g., N, P, As, and Na, Mg, K, Ca) with the
Curie temperature up to Tc = 54 K. The underlying phys-
ical origin is the redistribution of d-orbital occupation of
Mn element induced hopping channels between ty, and e,
from different SLs. Although it is topologically trivial in the

©2021 American Physical Society
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FIG. 1. Top view and side views of crystal structures of 2-4 SLs MnBi, Te, and formation energies of p-type doped systems. (a) Two-SL
MnBi,Te, with one N/P/As substitution at sites Te;-Te4, or one Na/Mg/K/Ca substitution at sites Bi;-Bi,; (b) The 3-4 SLs MnBi,Te, with
one N/P/As substitution at sites Te,-Teg, or one Na/Mg/K/Ca substitution at sites Bi;-Biy. [(c) and (d)] Formation energies of (c) N/P/As
or (d) Na/Mg/K/Ca doped two-SL MnBi,Te, as a function of the host element chemical potentials.

p-doped two-SL case, the topological phase transition occurs
to harbour the high-temperature QAHE with a Chern number
of C = —1 when the system thickness is increased, i.e. Ca-
doped three-SL, and Ca/Mg-doped four-SL MnBi,Te,, with
the interlayer ferromagnetism still being preserved. Our work
demonstrates a p-doping mechanism in producing ferromag-
netism in MnBi,Tes to form the high-temperature QAHE,
which is experimentally accessible.

II. CALCULATION METHODS

Our first-principles calculations are performed by using the
projected augmented-wave method [41] as implemented in the
Vienna ab initio simulation package (VASP) [42,43]. The gen-
eralized gradient approximation (GGA) of the Perdew-Burke-
Ernzerhof type is utilized to treat the exchange-correlation
interaction [44]. In our calculations, the lattice constant of
MnBi,Te, is chosen as the experimental value of ¢y = 4.33 A
[45]. We use zero damping DFT-D3 method [46,47] to de-
scribe the van der Waals interaction of adjacent SLs of
MnBi,Tes. All atoms are allowed to move during the struc-
tural optimization. The kinetic energy cutoff and energy
convergence threshold are set to be 450 and 1076 eV, respec-
tively. The Hellmann-Feynman force tolerance criterion for
convergence is 0.01 eV/A. The Gaussian smearing method
with a smearing width of 0.01 eV is adopted. A vacuum space
of 20 A is considered to avoid interaction between neigh-
boring slabs. A I'-centered 7 x 7 x 1 (5 x 5 x 1) k mesh is
adopted for the 2 x 2 (3 x 3) supercell. The 3d states of
Mn are treated with GGA+U approach [48,49], with U =

5.34 eV, as in previous studies [50,51]. The topological related
quantities are calculated by constructing maximally localized
Wannier function as implemented in the Wannier90 package
[52]. The Curie temperature 7c was estimated within the
mean-field approximation kg7c = 2/3Jx [53], where kg is
the Boltzmann constant, x is the dopant concentration, and
J is the exchange parameter obtained from the total energy
difference between ferromagnetic and antiferromagnetic con-
figurations in different heterostructures. The phonon spectrum
calculations are carried out by using the density functional
perturbation theory as implemented in the PHONOPY package
[54].

III. p-TYPE DOPING SCHEME IN MnBi, Te,

It was known that interlayer magnetic coupling in
MnBi,Te, is dominated by p-orbital mediated superexchange
interaction, while d-orbital occupation has vital influence on
the sign of interlayer magnetic coupling [39,40]. Based on
the superexchange mechanism, doping p-type nonmagnetic
elements can change the d-orbital occupation of Mn in the
same SL. With the aid of hopping channel between 3d-orbital
of Mn in undoped SL and virtual 3d-orbitals of Mn in p-doped
SL, the interlayer ferromagnetic coupling becomes possible.
In experiments, MnBi,Tes was found to be electron-doping
due to their intrinsic n-type defects [33]. Therefore another
natural benefit of p-doping is the charge-compensation, which
is a prerequisite for realizing the QAHE.

We now first study the possibility of p doping
in MnBi,Te; multilayers. Substituting Te/Bi atoms by
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FIG. 2. Phonon dispersions of monolayer MnBi,Te; with

(a) pristine structure, (b) Ca dopant and (c) Mg dopant. A 2 x

2 MnBi,Te, supercell is used to calculate phonon dispersion of
Ca/Mg doped system.

nonmagnetic dopants is experimentally feasible, as imple-
mented in Bi,Tes-family topological insulators. The Te and
Bi elements in MnBi,Tes exhibit respectively 2~ and 3™
valence states. In order to employ p-doping, the correspond-
ing substituted elements can be 37, 1%, and 2% valence
states, respectively. Therefore, the typical candidates of p-
type nonmagnetic dopants include N/P/As for Te sites, or
Na/Mg/K/Ca for Bi sites. As displayed in Fig. 1(a) for
a two-SL MnBi,Tey, there are four Te substitutional sites
(i.e., Tey, Te,, Tes, Tes), and two Bi substitutional sites (i.e.,
Bi;, Biy). The formation energies can be evaluated from the
expression [55-57]: AHg = Etlgt — Eiot — >_ nipi, where Egt,
E are respectively the total energies of the p-doped and
undoped systems, w; is the chemical potential for species i
(host atoms or dopants), and n; is the corresponding number
of atoms added to or removed from the system.

Considering the formation energies of N/P/As substitu-
tions at Te sites in one SL as displayed in Fig. 1(c), one
can find that the Te4 site is preferred. The formation energy
of N substitution (2.5-3.0 eV) is larger than that of either P
(0.6-1.2 eV) or As (about 0.4-1.0 eV). For Na/Mg/K/Ca
substitutions at Bi sites in Fig. 1(d), one can find that the Bi,
site is preferred, and the formation energies of Bi-site substi-
tutions are always lower than those of Te-site substitutions. In
particular, the formation energies of Na/Mg/Ca-substituted
Bi, site are negative, suggesting that these dopings are ex-
perimentally feasible. As far as we know, the C-doped ZnO
can also be experimentally realized, even thought the esti-
mated formation energy of C substituted O in ZnO is about
5.3 eV [58], which is larger than those of aforementioned
p-type dopants in MnBi,Tes. Moreover, phonon dispersions
of two most feasible dopants, i.e., Mg and Ca, are calculated
as displayed in Fig. 2, which suggests the stability of p-doped
MnBi, Te, systems. Hereinbelow, we concentrate on the most
stable substitional sites (i.e., Te4 and Bi,) to study the mag-
netic and electronic properties of p-doped two-SL MnBi, Tey.

IV. INTERLAYER FERROMAGNETISM FROM p-DOPING

Figures 3(a) and 3(b) display the energy differences (Ag =
Erm — Eapv) between interlayer ferromagnetic (FM) and
antiferromagnetic (AFM) states of the optimal configurations
at different p-doped concentrations in two-SL MnBi;Tey.
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FIG. 3. [(a)—(c)] The energy differences between interlayer fer-
romagnetic (FM) and interlayer antiferromagnetic (AFM) states of
the optimal configurations in (a) N/P/As doped two-SL MnBi, Te,
at 3.13% and 1.39% concentrations, (b) Na/Mg/K/Ca doped two-SL
MnBi, Te4 at 6.25% and 2.78% concentrations, (c) Mg/Ca doped 3-4
SLs MnBi,Tey at 4.17% and 3.13% concentrations. [(d) and (e)]
Differential charge density of (d) Ca doped and (e) pristine two-
SL MnBi,Te,. Yellow and green isosurface represent respectively
charge accumulation and reduction. (f) Local density of states of Ca
doped and pristine two-SL MnBi, Te,. Te-p, Bi-p, and Mn-d orbitals
[t2, and e,] in each SL of MnBi, Te, are displayed.

In the absence of doping, the two-SL MnBi,Te; indeed
exhibits interlayer antiferromagnetism (see Table I). The
introduction of p-type dopants leads to Ap < 0, strongly
indicating that interlayer ferromagnetic state is more stable
than the interlayer antiferromagnetic state. For N/P/As dop-
ing at Tey site [see Fig. 3(a)], Ag change respectively from
—124/-11.2/—-103 meV to —24.5/—19.5/—17.2 meV,
along with the increase of doping concentration. For
Na/Mg/K/Ca substitution at Bi, site [see Fig. 3(b)], Ag
are respectively —43.5/—11.8/—35.4/—14.5 meV at 2.78%
doping concentration, and —48.6/—24.9/16.7/—19.2 meV at
6.25% doping concentration.

Besides the energy difference for optimal doping sites, we
also investigate magnetic properties of the remaining doping
sites. Figure 4 displays the Ag of different configurations in
p-doped two-SL MnBi,Te4. One can find that all p-doped sys-
tems prefer interlayer ferromagnetic coupling, and the doping
sites near the van der Waals gap (e.g., Te4 for N/P/As, Bi, for
Na/Mg/K/Ca) exhibit much larger ferromagnetic coupling
strength.

In addition, the ferromagnetic Curie temperature plays
a crucial role in determining the QAHE observation
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FIG. 4. The energy differences between interlayer ferromag-
netic(FM) and interlayer antiferromagnetic (AFM) states of different
configurations in N/P/As doped two-SL MnBi,Te, at (a) 3.13%
and (c) 1.39% doping concentrations. Na/Mg/K/Ca doped two-SL
MnBi,Te, at (b) 6.25% and (d) 2.78% doping concentrations.

temperature. The estimated Curie temperature from mean-
field theory is listed in Table I, which ranges between 15.7
and 53.7 K depending on the dopants. For example, the Curie
temperature of Ca-doped MnBi,Te, can reach 7c = 21.2 K
at 6.25% doping concentration, which can be further raised
with the increase of doping concentration. Note that the higher
doping concentration may decrease the spin-orbit coupling of
the whole system.

For thicker MnBi,Te4 films (i.e., three-SL and four-SL
films), we calculate the Ag of two most favorable dopants
(Mg and Ca). For different substitutional sites, it is found
that Bi; (Bis) site is most stable in three-SL (four-SL)
MnBi,Tes films. And for different magnetic configurations
of the most stable doping site, the energy differences show
that the ferromagnetic states are preferred (see Tables II and
III). Figure 3(c) displays the energy difference Ag of one
Mg or Ca dopant at Biz (Big) site in 2 x 2 supercells of
three-SL (four-SL) MnBi; Te4. One can see that ferromagnetic
coupling strength is dependent on doping concentration that
is determined by the number of layers, i.e., for one dopant
the increase of septuple layers leads to rapidly decrease of
ferromagnetic coupling strength. Therefore larger ferromag-
netic coupling strength in a multilayer system requires higher
p-type doping concentration.

The formation mechanism of interlayer ferromagnetic cou-
pling can be explained from the differential charge density
and local density of states. Let us take the Ca-doped two-SL
MnBi,Tes as an example [see in Fig. 3(d)]. In the pristine
case [see Fig. 3(e)], the charge distribution in the top SL
is the same as that in the bottom SL. After Ca-doping in
bottom SL, the charge of Mn atoms in the same SL is clearly
decreased whereas that in top SL remains nearly unchanged.
Such a charge redistribution leads to new hopping channels
between Mn atoms in adjacent SLs. In pristine case, the tp,
and e, orbitals are fully occupied, leading to the absence
of electron hopping between tp, and e, orbitals. While as
displayed in Fig. 3(f), the decrease of d-orbital occupation
in bottom SL generates new hopping channels from t, (top
SL) to e, (bottom SL) and e, (top SL) to e, (bottom SL),

K G M KK G M K

FIG. 5. Band structures and corresponding band gaps of Mg-
and Ca-doped 2 SLs MnBi,Te, with optimal configurations along
high-symmetry lines. [(a) and (b)] Doping one Mg or Ca atom in
2 x 2 two-SL MnBi,Te4 with the concentration of 6.25%. [(c) and
(d)] Doping one Mg or Ca atom in 3 x 3 two-SL MnBi,Te4 with the
concentration of 2.78%.

which are allowed for ferromagnetic coupling. In addition,
in Fig. 3(f), one can also find that a large spin polarization
appears in the Te element after Ca doping, which suggests that
the interlayer ferromagnetic coupling in Ca-doped two-SL
MnBi,Te, is mediated via the interlayer Te-Te superexchange
interaction.

V. ELECTRONIC STRUCTURES AND TOPOLOGICAL
PROPERTIES

Next, we explore the electronic band structures of the
Mg and Ca doped multi-SL MnBi,Te, (see Figs. 10 and 11
for band structures of other p dopants). Figure 5 displays
the band structure along high-symmetry lines of the optimal
configurations of Mg and Ca doped two-SL MnBi,Te4. As
illustrated in Figs. 5(a) and 5(b), a band gap about 53.6 meV
(26.9 meV) opens at I point with Mg (Ca) dopant for a dop-
ing concentration of 6.25%. When the doping concentration
reduces to 2.78%, the band gap decreases to about 35.0 meV
(18.9 meV) for Mg (Ca) dopant [see Figs. 5(c) and 5(d)].
To verify whether such a gap can host the QAHE or not,
one can directly calculate the anomalous Hall conductance
oy, by integrating Berry curvature of the occupied valence
bands [59,60]. Unfortunately, we obtained o,, = 0e?/h for all
p-doped two-SL MnBi,Te4, indicating that it is still a topo-
logical trivial phase, even though the ferromagnetism is well
established. The possible reasons include: (i) the decrease of
spin-orbit coupling originated from the light doping elements,
and (ii) the film thickness influence [37,51]. To address these
concerns, we first choose to dope some heavy metal elements
(i.e., Sn, Pb, In, TI) in two-SL MnBi,Te4 systems. As dis-
played in Table I, doping In or TI results in the interlayer
anti-ferromagnetic coupling; whereas although doping Sn or
Pb gives rise to interlayer ferromagnetic coupling, no band
gap opens at moderate doping concentrations (see Fig. 10).
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FIG. 6. Band structures along high-symmetry lines of MnBi, Te4
doped with Mg in (a) three-SL and (b) four-SL, doped with Ca in
(c) three-SL and (d) four-SL, and (e) doped with two Ca in three-SL.
The inset displays the anomalous Hall conductivity as a function of
Fermi energy. (f) The dependence of band gap (solid lines) and Chern
number (dashed lines) on the doping concentrations of Mg/Ca. The
decrease of doping concentration indicates the increase of number of
MIlBizTC4 SL.

We then consider the influence of film thickness of MnBi,Tey4
in below.

Figures 6(a) and 6(b) display respectively the band struc-
tures of Mg-doped three- and four-SL. MnBi,Tes, where
the corresponding band gaps are respectively 24.9 meV (at
4.17% doping concentration) and 7.0 meV (at 3.13% doping
concentration). The Hall conductance oy, evaluation gives
respectively 0 and —1 in the units of e?/h for three-SL and
four-SL Mg-doped systems, strongly signaling a topological
phase transition from trivial insulator to the QAHE with the
increase of film thickness. For the Ca-doped cases as dis-
played in Figs. 6(c) and 6(d), one can see that the band gaps
are respectively 13.7 meV (three-SL) and 6.8 meV (four-SL).
Surprisingly, the Hall conductance in the band gap is o,, =
—e?/h for both three- and four-SL Ca-doped MnBi,Te,.
Therefore the increase of film thickness can lead to a topo-
logical phase transition in p-doped MnBi,Te, multilayers.
which can be attributed to magnetic Weyl semimetal nature
of ferromagnetic MnBi,Te4, as observed in similar systems
with thickness dependent Chern number [37,39].

For three-SL Ca-doped system, we also investigate the
role of doping concentration on the electronic properties by
including two Ca dopants at different substitutional sites. We
find that all the calculated configurations display interlayer
ferromagnetism, and Ca,Ca4 doped configuration is preferred
with the Curie temperature of 52 K (see Fig. 12 and Table IV).
As illustrated in Fig. 6(e), the band gap slightly decreases
to 11.2 meV, with the nontrivial topology being preserved,
but the Curie temperature is greatly enhanced from 20.3 K
(one Ca dopant) to 52.0 K (two Ca dopants). Figure 6(f)

Formation Energy (eV)
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FIG. 7. [(a) and (b)] Formation energies of (a) N/P/As or
(d) Na/Mg/K/Ca doped two-SL MnBi,Te, as a function of the
host element chemical. (c) The energy differences between interlayer
ferromagnetic(FM) and interlayer antiferromagnetic (AFM) states
of the most stable configurations in (a) and (b). The red dashed
line represents energy difference of pristine two-SL MnBi,Te, as a
reference.

summarizes the band gaps and Hall conductance as functions
of doping concentration. Compared with Mg dopant, the Ca
doped MnBi,Te, is preferred since that the topological phase
appears in system with thinner thickness. Therefore the Mg-
and Ca-doped MnBi,Te4 multilayers are beneficial for realiz-
ing the high-temperature QAHE.

VI. FORMATION ENERGIES AND MAGNETIC
PROPERTIES OF ANTISITE SUBSTITUTIONS

In above, we have studied formation energies of N/P/As
substitutions at Te sites and Na/Mg/K/Ca substitutions at
Bi sites. Here we consider two type of representative anti-
site substitutions, i.e., N/P/As substitutions at Bi sites and
Na/Mg/K/Ca substitutions at Mn sites. Figures 7(a) and 7(b)
display the corresponding formation energies as a function of
the host element chemical potentials. We can observe that the
Bi; site is preferred for N/P/As substitutions and the positive
formation energies is similar to that of N/P/As substitutions
at Te sites as displayed in Fig. 1(c). For Na/Mg/K/Ca substi-
tutions at Mn sites, the formation energies is also negative. It is
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Mgy Cay,
S 04-
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[0}
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©
E
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L
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Bi-poor,Te-rich Ugi (eV) Bi-rich, Te-poor

FIG. 8. Formation energies of Na/Mg/K/Ca doped Bi/Mn in
two-SL MnBi,Tes. The chemical potentials of Na/K/Mg/Ca are
evaluated by choosing Na, Te, K,Te, MgTe, and CaTe as reference.
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states of the six configurations doped with Mg/Ca. The presence of native antisite defect displays weak FM coupling with energy difference

of ~ —0.32 meV.

worth noting that the chemical potentials from single element
are usually larger than that from compound, resulting in a
slightly underestimated formation energy. To quantitatively
compare the formation energies of Mg/Ca dopants in Bi/Mn
sites, we choose MgTe and CaTe as reference to evaluate the
chemical potentials of Mg/Ca. Figure 8 displays formation
energies of Mg/Ca doped Bi/Mn in two-SL MnBi,Tes. We
can find that formation energy for dopants at Bi site is lower
than that at Mn site in almost all range, indicating that Bi site
is preferred for Mg/Ca dopants.

Figure 7(c) shows the corresponding energy difference
between FM and AFM states. The presence of N/P/As sub-
stitutions at Bi sites does not obviously change the AFM
coupling compared with pristine two-SL MnBi,Te,. For Na
and K, the substitutions at Mn site displays interlayer FM
coupling due to different valence states between Na/K (1)
and Mn (27) elements induced charge redistribution. For Mg

7/

E-Ef (eV)

E-Ef (eV)

E-Ef (eV)

FIG. 10. Band structures and corresponding band gaps of p-
doped two-SL (2 x 2) MnBi,Te, with optimal configurations along
high-symmetry lines. (a)—(i) are respectively for N, P, As, Na, Mg, K,
Ca, Sn, and Pb doped two-SL MnBi,Te,. The doping concentrations
are respectively 3.13% and 6.25% for substituted Te and Bi sites.

and Ca substitutions at Mn site, interlayer AFM coupling
is preserved since the same valence states between Mg/Ca
and Mn elements. These results indicate that, even if Mg/Ca
substitutions at Mn sites, the magnetic coupling strength of
MnBi,Te4 is almost unchanged. Therefore the p-dopant at
Bi sites plays a crucial role in determining magnetism of
MnBi, Tey.

Besides above antisite substitutions, we also explore the
doping possibility in the presence of native antisite defect, i.e.,
Mng; and Biyy,. Figure 9(a) displays the six substitutional sites
labeled as Bi;-Bis and Mng. We find that Bijs site are preferred
for Bi substitution. Formation energies of dopants at Bis and
Mng sites are shown in Fig. 9(b), where formation energy of
the native antisite defect Mng; and Biyy, is depicted in gray for
comparison [The MgTe and CaTe are chosen as reference to
evaluate the chemical potentials of Mg/Ca]. We can observed
that Mg/Ca substitutions at Bi sites have lower formation

E-Ef (eV)

E-Ef (eV)

E-Ef (eV)

FIG. 11. Band structures and corresponding band gaps of p-
doped two-SL (3 x 3) MnBi,Te, with optimal configurations along
high-symmetry lines. (a)-(i) are respectively for N, P, As, Na, Mg, K,
Ca, Sn, and Pb doped two-SL MnBi,Te,. The doping concentrations
are respectively 1.39% and 2.78% for substituted Te and Bi sites.
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TABLEI. The band gap for the ground states, the energy difference Ar = Epv — Eapum, and the estimated Curie temperature Tc of p-doped
two-SL MnBi, Te, with the optimal configurations. For 2 x 2 MnBi, Te, supercell, the doping concentrations are respectively 3.13% and 6.25%
for substituted Te and Bi sites. For 3 x 3 MnBi,Te4 supercell, the doping concentrations are respectively 1.39% and 2.78% for substituted Te
and Bi sites. The red color indicates the antiferromagnetic ground state.

2 x 2 supercell 3 x 3 supercell

Structure Gap (meV) Ag (meV) Tec (K) Gap (meV) Ag (meV) Tc (K)
N4(Ny) 40.0 —24.5 27.1 5.4 —-2.0 2.3
Py 6.0 —19.5 21.6 0.4 —11.2 12.3
Asy 53 —-17.2 19.0 4.0 —10.3 11.4
Na, 9.3 —48.6 53.7 15.5 —43.5 48.1
Mg, 53.6 —24.9 27.5 35.0 —11.8 13.0
K, 259 —16.7 18.4 3.8 —-35.4 39.1
Ca, 26.9 —-19.2 21.2 18.9 —14.5 16.0
Sn, Metallic —14.2 15.7 2.8 —14.3 15.8
Pb, Metallic —-17.1 18.9 133 -7.5 8.3
In, 197.9 1.7 - 145.5 3.1 -
Tl, 163.3 6.1 - 149.5 7.5 -
MnBi,Tey 80.0 1.0 - 2.3 -

energy than that at Mn sites, indicating that Bi site is preferred ~ doped MnBi, Te4 multilayer can realize the QAHE with Chern
for Mg/Ca dopants in the presence of native antisite defect. number of C = —1.
Figure 9(c) displays the energy differences between interlayer Experimentally, Mg, Ca and some nonmagnetic elements
FM and AFM states of the six configurations doped with  doped topological insulators have been successfully fabricated
Mg/Ca. In the presence of native antisite defect, the system  in order to tune carrier type and density [61-63]. For example,
demonstrates weak FM coupling (—0.32 meV), whereas the to compensate the n-type carrier induced by Se vacancies
further inclusion of Mg/Ca dopants at Bi or Mn sites greatly in topological insulator Bi,Ses, a small concentration of Ca
enhances FM coupling strength of MnBi, Te,. is doped, and insulating behavior is preserved whereas the
Based on the results displayed in this Section, we can con- Fermi level is tuned into the band gap [61]. For the MnBi,Tey,
clude that (i) Mg/Ca substitutions at Bi sites are preferred than from our calculation, the formation energies of Ca substitution
that at Mn sites; (ii) magnetic coupling strength of MnBi,Te4 are only —2.5 to —3.0 eV. Hence the p-type Ca dopants
is almost unchanged even if Mg/Ca substitutions at Mn sites; in MnBi,Te4 are very feasible in experiment. The merits of
(ii1) in the presence of native antisite defect, Mg/Ca doped  p-type doping in MnBi,Te, is that it can not only result in
system displays interlayer ferromagnetism regardless of the interlayer ferromagnetic coupling without introducing addi-
doping sites. tional magnetic disorder, but also compensate the intrinsic
n-type carrier, which in principle guarantees the insulating
VIL SUMMARY state and is beneficial to realize the high-temperature QAHE
in MnBi,Tes. Our work provide a highly desirable scheme
In conclusion, we propose that a feasible p-type doping to overcome the difficulty of the observing of the QAHE in
strategy in MnBi,Tes can be used to realize interlayer fer- MnBi, Te, without applying external magnetic field.
romagnetism and the high-temperature QAHE. We provide
proof-of-principle numerical demonstration that (1) interlayer
ferromagnetic transition can appear when some nonmagnetic
p-type elements are doped into MnBi,Te,; (2) band structures This work was financially supported by the NNSFC
and topological property calculations show that Ca- and Mg- (No. 11974098, No. 11974327 and No. 12004369),

ACKNOWLEDGMENTS

TABLE II. The structural and magnetic properties of Ca/Mg doped three-SL MnBi,Te, with doping concentration of 4.17%. The spin
direction of each septuple layer is denoted by the up/down arrow. The ground state of each dopant is denoted by red. The energy differences
between the specific structure and ground state are shown. The energy is in unit of meV.

Structure Ap(tIM) Ap(t1)) Ap(tl) Ap(PT)
Mg, 91.0 84.1 91.8 84.7
Mg, 46.9 24.5 44.9 24.7
Mg, 25.1 6.3 20.9 0
Ca, 107.3 99.0 108.1 100.3
Cay 50.6 35.3 48.3 34.2
Cas 18.3 3.2 15.0 0
MnBi,Te, 0 12 1.1 25
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TABLE III. The structural and magnetic properties of Ca/Mg doped four-SL MnBi,Te, with doping concentration of 4.17%. The spin
direction of each septuple layer is denoted by the up/down arrow. The ground state of each dopant is denoted by red. The energy differences
between the specific structure and ground state are shown. The energy is in unit of meV.

Structure Ap(tit) Ap(PTH) Ap(PTI) Ap(PD) Ap(tith) Ap(PiT) Ap(tidd) Apg(PT11)
Mg, 41.3 20.9 23.0 242 42.7 43.4 39.2 22.0
Mg, 26.3 1.8 9.3 9.6 26.7 20.5 20.2 3.4
Mg, 20.7 35 14.7 11.7 17.9 8.4 6.8 0

Ca, 48.1 33.0 35.2 36.2 48.8 44.9 45.9 34.0
Ca; 44.6 6.7 13.1 13.1 25.6 17.6 18.4 7.4
Cay 19.6 2.7 11.5 7.7 14.6 74 52 0
MnBi, Tey 0 1.9 0.9 1.8 0.9 0.9 1.8 2.8
Natural Science Foundation of Hebei Province a enhanced interlayer antiferromagnetic coupling compared

(A2019205037), China Postdoctoral Science Foundation
(2020M681998) and Science Foundation of Hebei Normal
University (2019B08), Fundamental Research Funds for the
Central Universities (WK2030020032 and WK2340000082)
Anhui Initiative in Quantum Information Technologies.
The Supercomputing services of AM-HPC and USTC are
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APPENDIX A: BAND STRUCTURES OF p-DOPED TWO-SL
MnBi,Te,

In Figs. 10 and 11, we plot the band structures of p-doped
two-SL MnBi, Te, with optimal configurations with different
doping concentrations. In Fig. 10, we can observe that finite
gaps are opened around I point except for Sn- and Pb-doped
systems. When reduces doping concentration, as displayed in
Fig. 11, one can find that the gaps for N/P/As/Na/Mg/K/Ca
doped systems are decreased whereas small gaps exists for
Sn/Pb doped systems.

In Table I, we summarize the band gap for the ground
states, the energy difference Ar = Epy — Eapm, and the es-
timated Curie temperature T¢ of p-doped two-SL MnBi, Tey
with the optimal configurations. Besides the p-doped systems
showing interlayer ferromagnetism as discussed above, it is
noteworthy that In/T1 heavy metal-doped MnBi,Te4 exhibits

Erwm - Eapv (MeV)

I wio SOC

Bi, 40 I with SOC

-50 T T T T T T T

with the pristine two-SL MnBi, Te,.

APPENDIX B: MAGNETIC PROPERTIES OF p-DOPED
THREE- AND FOUR-SL MnBi,Te,

Table II displays the structural and magnetic properties of
Ca/Mg doped three-SL. MnBi,Te4 with doping concentration
of 4.17%. The corresponding doping sites are shown in the
main text. One can find that Bis; substitutional site is most
stable, and the ferromagnetic ground state is preferred in
Mg/Ca doped three-SL MnBi,Tes. For Ca/Mg doped four-
SL MnBi,Te4, as shown in Table III, we can observe that
Biy substitutional site is most stable, and the ferromagnetic
ground state is preserved.

APPENDIX C: STRUCTURAL AND MAGNETIC
PROPERTIES OF THREE-SL MnBi,Te; WITH TWO Ca
DOPANTS

Figure 12(a) displays the possible substitutional sites for
two Ca dopants in three-SL MnBi,Te4, where the sites near
van der Waals gap are considered because they are more
stable. Due to the inversion symmetry, there are four com-
binations of doping sites as shown in Table IV. We can find
that the Ca,Ca,4 doped configuration is most stable with inter-
layer ferromagnetic coupling, and the Curie temperature can
approach 52 K.

APPENDIX D: MAGNETIC COUPLING WITH/WITHOUT
SPIN-ORBIT COUPLING IN p-DOPED TWO-SL MnBi,Te,

In above magnetic coupling calculation, the spin-orbit
coupling is not included. Fig. 12(b) displays the energy dif-
ferences AE between FM and AFM states with/without

TABLE IV. The structural and magnetic properties of two Ca
dopants in three-SL MnBi, Te,. The energy differences between the
specific structure and ground state are shown. The ground state is
denoted by red. The energy is in unit of meV.

Ne Po As, Na; Mg, K, Ca Structure Ap(tiD) Ag(M) Tc (K)
Ca,Cay 471 0 52.0
FIG. 12. (a) The substitutional sites for two Ca dopants in three- Ca;Ca, 130.0 98.2 35.1
SL MnBi,Te,. (b) The comparison of energy differences between Ca;Cay 61.5 17.2 48.9
FM and AFM states with/without spin-orbit coupling in p-doped Ca,Ca; 98.0 2.6 61.3

two-SL MnBi, Te,.
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spin-orbit coupling in p-doped two-SL MnBi,Te,. We can
observe that, although the inclusion of spin-orbit coupling
slightly increases the energy differences, the variation trend

of AE is similar before/after spin-orbit coupling is consid-
ered for different dopants and the interlayer ferromagnetic
coupling is preserved.
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