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A generic dual d-band model for interlayer
ferromagnetic coupling in a transition-metal
doped MnBi2Te4 family of materials†
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Realization of ferromagnetic (FM) interlayer coupling in magnetic topological insulators (TIs) of the

MnBi2Te4 family of materials (MBTs) may pave the way for realizing the high-temperature quantum anom-

alous Hall effect (high-T QAHE). Here we propose a generic dual d-band (DDB) model to elucidate the

energy difference (ΔE = EAFM − EFM) between the AFM and FM coupling in transition-metal (TM)-doped

MBTs, where the valence of TMs splits into d-t2g and d-eg sub-bands. Remarkably, the DDB shows that

ΔE is universally determined by the relative position of the dopant (X) and Mn d-eg/t2g bands,

ΔEd ¼ EX
eg=t2g

� EMn
eg=t2g

. If ΔEd > 0, then ΔE > 0 and the desired FM coupling is favored. This surprisingly

simple rule is confirmed by first-principles calculations of hole-type 3d and 4d TM dopants. Significantly,

by applying the DDB model, we predict the high-T QAHE in the V-doped Mn2Bi2Te5, where the Curie

temperature is enhanced by doubling of the MnTe layer, while the topological order mitigated by doping

can be restored by strain.

Introduction

Topological materials, such as topological insulators (TIs),1,2

Chern insulators (CIs)3–7 and topological semimetals,8–10 have
attracted considerable attention in recent years. In principle,
a CI3,4 can intrinsically exhibit the quantum anomalous
Hall effect (QAHE) without an external magnetic field.
Interestingly, the QAHE was first realized “extrinsically” in
transition-metal (TM) doped three-dimensional (3D) TIs, but
at a very low temperature.5 Despite years of intensive
efforts,11–26 the observation temperature of the QAHE remains
very low ranging from ∼30 mK (ref. 5) to ∼1 K.27–29

Recently, a van der Waals (vdW) MnBi2Te4 family of
materials (MBTs)30–37 have been discovered to provide an
attractive material platform to explore the intrinsic QAHE.
Different from the TM doped 3D TIs, MBTs are viewed as 3D
TIs of Bi2Te3 intercalated with a magnetic MnTe layer, where
the intralayer Mn atoms within a septuple layer (SL) have a

long-range ferromagnetic (FM) order. However, the neighbor-
ing SLs of MBTs prefer an interlayer antiferromagnetic (AFM)
coupling. Consequently, the QAHE can only be realized in
odd-layered MBTs, at a low temperature (∼1 K).28 Applying an
external magnetic field can significantly raise the quantization
temperature up to 45 K by aligning all the MBT-layers into FM
coupling.38 It is expected that the high-temperature (high-T )
QAHE can be achieved intrinsically without an external field, if
the MBT can be tuned into FM interlayer coupling, and one
theoretical possibility is believed to be substituting some Mn
atoms with other TM elements, such as V, as proposed by
density functional theory (DFT) calculations.39–41 However,
this approach remains to be confirmed by experiment.
Therefore, beyond the specific case study,39–41 a more general
and deeper understanding of the effect of TM doping on the
interlayer magnetic coupling in MBTs is highly desirable to
guide the future experimental studies.

In this work, we propose a generic dual d-band (DDB)
model to elucidate the effect of TM doping on the interlayer
coupling in MBTs, by examining the energy difference (ΔE =
EAFM − EFM) between the AFM and FM coupling for different
TM doped MBTs. Strikingly, the DDB shows that ΔE is univer-
sally determined by a single parameter, the relative position
of the dopant (X) d-eg/t2g band and the Mn d-eg/t2g band,
ΔEd ¼ EX

eg=t2g
� EMn

eg=t2g
. As long as ΔEd > 0, ΔE > 0, and the FM

coupling is favored. Indeed, this surprisingly simple rule is
confirmed by DFT calculations of hole-type 3d and 4d TM
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dopants, as we demonstrated below. Also, because TM doping
may affect not only magnetic coupling but also the topological
order of MBTs, we propose that V-doped Mn2Bi2Te5 may
exhibit the high-T QAHE under strain which restores the topo-
logical order mitigated by the doping.

Computational methods

The first-principles calculations were performed using the pro-
jector augmented wave (PAW) formalism42 in the Vienna
ab initio simulation package (VASP).43 The Perdew–Burke–
Ernzerhof (PBE) approximation was used to describe the
exchange and correlation functional.44 Here, we have mainly
focused on the TM-doped MBTs, where one layer of Mn atoms
is replaced by TMs, as shown in Fig. 1(b) and (d). To better
describe the 3d electrons of TMs, the GGA+U method45 was
employed, where the on-site U and exchange interaction J para-
meters were set to 4.0 and 1.0 eV, respectively. A vacuum space
of larger than 20 Å was used to avoid the interaction between
two adjacent slabs. The plane-wave cutoff energy was set to
500 eV and all the atoms in the supercell were relaxed until the
Hellmann–Feynman force on each atom was smaller than
0.01 eV Å−1. The gamma-centered Monkhorst–Pack k-point
mesh of 15 × 15 × 1 was adopted for structural optimization,
and a denser k-point mesh of 30 × 30 × 1 was adopted for cal-
culating magnetic properties. The van der Waals (vdW) correc-
tion with the Grimme (DFT-D3) method46 was included. The
Chern number, Berry curvature, and edge states were calcu-
lated to identify the topological properties using the
Wannier90 and WannierTools packages.47,48

We have performed the Monte Carlo (MC) simulations to
estimate the transition temperature Tc of all systems. Here, the
Hamiltonian is H ¼ �Jeff

P
hi;ji

SiSj, where, Jeff is the effective

nearest-neighbor exchange coupling, 〈i,j〉 represents the
nearest neighbors, and Si is the magnetic moment of site i. A
2 × 2 supercell is used to calculate the total energies of four
competing magnetic configurations, corresponding to one FM
and three AFM states.23,26 In the calculations, we mainly con-
sider the nearest, next-nearest, and next-next-nearest magnetic
couplings, denoted as J1, J2, and J3, respectively. By examining
the total energies of the FM, Néel antiferromagnetic (N-AFM),
stripy antiferromagnetic (S-AFM), and zigzag antiferromagnetic
(Z-AFM) spin configurations, the three magnetic coupling con-
stants can be extracted using the following three equations:

EFM � EN‐AFM ¼ 3ðJ1 þ J3Þ S
!
A � S

!
B;

EZ‐AFM � ES‐AFM ¼ ðJ1 � 3J3Þ S
!
A � S

!
B;

EFM þ EN‐AFM � EZ‐AFM � ES‐AFM ¼ 8J2 S
!
A � S

!
B;

ð1Þ

where SA and SB are the spin operators on the site A and B in
the honeycomb lattice, respectively. As the parameter J1 is
much larger than J2 and J3, these two parameters are neglected
in our MC calculations.

Results and discussion

It is known that bulk MBTs consisting of the ABC stacking Te–
Bi–Te–Mn–Te–Bi–Te SL in a unit cell is an intrinsic 3D mag-
netic TI, in which the intralayer Mn atoms couple ferromagne-
tically while the two adjacent MBT SLs couple antiferromagne-
tically to each other, as illustrated in Fig. 1(a). The FM coup-
ling within a SL is well understood from the Goodenough–
Kanamori 90° rule, while the AFM coupling of the neighboring
SLs has been explained by superexchange interaction.49,50 This
unique magnetic behavior dictates that the QAHE can only be
realized in odd-layer MBTs. Moreover, the latest experiments
have demonstrated that two magnetic MnTe layers can be
intercalated into 3DTIs of Bi2Te3, forming nonuple-layer (NL)
vdW crystals of Mn2Bi2Te5 (M2BT).

51 Similar to MBTs, M2BTs
are reported to be AFM 3DTIs, and the QAHE cannot be rea-
lized in either odd or even layers, because Mn atoms couple
antiferromagnetically within and between the MnTe double
layers. Therefore, realizing the FM interlayer coupling in
MBTs/M2BTs plays an important role for achieving the high-T
QAHE.

Next, we propose a simple DDB model to better understand
the magnetic coupling in intrinsic MBTs and the effect of
doping. In layered MBTs, each Mn2+ ion is octahedrally
bonded with six Te2− ions, so that the d orbitals of Mn2+ ions
are split into triply degenerate t2g orbitals (dxy,dxz,dyz) and
doubly degenerate eg orbitals (dx2−y2, dz2). The exchange coup-
ling between two interlayer Mn atoms is mediated by the p
orbitals of Bi and Te. According to the super-exchange theory,
because all the five d orbitals of Mn2+ ions are fully-filled in
one layer with the same spin orientation (Hund’s rule), it leads
to the AFM coupling between adjacent layers with the five d
orbitals of Mn2+ ions also fully-filled in the other layer but

Fig. 1 Crystal structures of layered MnBi2Te4 (MBT) (a), X-doped MBT
(b), Mn2Bi2Te5 (M2BT) (c), and X-doped M2BT (d), where X represents
transition-metal (TM) dopants. The black arrows denote the directions
of the magnetic moments of TMs. Here “d” is the interlayer distance.
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with the same spin orientation to maximize the exchange
interaction.

It is noted that the hopping of Mn d-electrons in MBTs is
forbidden because of the large exchange splitting between
spin up and down bands. To allow the hopping and enhance
the FM interlayer coupling, a hole-type TM doping, i.e., an X
atom having less d electrons than Mn, is needed to open a
channel of the same spin. Specifically, one can construct an
effective mean-field DDB Hamiltonian to represent such
hopping induced FM hopping, as shown in Fig. 2(a) 52 for the
cases of X = Sc, Ti. Using the basis of {Mn-t2g↑, Mn-eg↑, X-t2g↑,
X-eg↑, Mn-t2g↓, Mn-eg↓, X-t2g↓, X-eg↓}, the Hamiltonian of FM
and AFM coupling can be respectively written as below

HFM ¼ EMn
eg;" t1
t1 EX

t2g;"

" #
; ð2Þ

HAFM ¼

EMn
eg;" t2 0 0
t2 EX

t2g;" þ UX 0 0
0 0 EMn

t2g;# þ UMn t3
0 0 t3 EX

eg;#

2
6664

3
7775; ð3Þ

where, t1 (t2, t3) is the hopping parameter between Mn-eg,↑
and X-t2g,↑ for FM coupling (Mn-eg,↑ and X-t2g,↑; Mn-eg,↓ and
X-t2g,↓ for AFM coupling), UMn (UX) represents the exchange
splitting of Mn(X), and E is the on-site energy. As the energy
scale of UX and UMn are much bigger than that of other energy
terms, EFM and EAFM can be calculated as41

EFM ¼ � t12

ΔEd
; ð4Þ

EAFM ¼ � t22

ΔEd þ UX
� t32

�ΔEd þ UMn
; ð5Þ

where ΔEd ¼ EX
t2g � EMn

eg . For the cases of V and Cr with more
than three but less than five d electrons, ΔEd ¼ EX

eg � EMn
eg . In

general, as long as ΔEd > 0 which is satisfied by all hole-type
dopants (Sc, Ti, V and Cr), ΔE > 0, indicating that the FM coup-
ling is energetically favored as confirmed by DFT calculations

of doping (see Fig. 2(b)). In addition, ΔE is seen to drastically
increase with decreasing ΔEd as one moves from Sc to Cr, indi-
cating that the FM interlayer coupling is easier to be realized
by V and Cr doping. In contrast, for the electron-type TM
dopants, i.e., an X atom (Fe, Co, Ni) having more d electrons
than Mn, there will be no spin channel open for Mn d-electron
hopping with a low energy without spin flipping (see the ESI
Fig. S1†), so that the AFM coupling will be remained. On the
other hand, although our DDB model predicts a favored FM
coupling for the hole-type TM doped MBTs, it also shows a
very small ΔE in the range of several meV. This suggests a
rather low Curie temperature (Tc), which makes this approach
experimentally challenging.

To overcome the above difficulty, we next apply the DDB
model analysis to an M2BT monolayer. One interesting idea is
that doubling the MnTe layers in M2BTs, as shown in Fig. 1(d),
may further increase the Tc for FM ordering, which we will
confirm by using DFT calculations combined with the Monte
Carlo simulations. The optimized lattice constants of TM-
doped M2BT monolayers are summarized in Table 1. As
expected, the FM (AFM) interlayer coupling is found in the
hole- (electron-) doped M2BTs. We extracted ΔEd from the
partial density of states (PDOS) (see Fig. 3) of 3d hole-type TM-
doped M2BT monolayers, as shown in Fig. 2(b), where all have
ΔEd > 0 confirming the DDB model. Importantly, one sees that
ΔE of the Cr-doped M2BT is ∼80 meV per unit cell, which is
one order of magnitude larger than that of all other hole-
doped MBTs, suggesting a much higher Tc. Here, one notices
that ΔE of TM-doped MBTs is much smaller than that of TM-
doped M2BTs. This is mainly because the distance between
the TM dopant and Mn in MBTs (see Fig. 1) is much larger
than that in M2BTs, so that their magnetic coupling is much
weaker in MBTs. For comparison, we have extracted ΔEd from
the PDOS (see Fig. S2†) of 3d hole-type TM-doped MBTs, as
given in Fig. 2(b), also confirming the DDB model. We have
checked that this finding is not sensitive to the choice of U
and vdW corrections (see Fig. S3 and S4†). Moreover, we have
checked the magnetic ground states of the hole-doped M2BT

Fig. 2 (a) Schematic diagrams of FM and AFM coupling in X-doped MBTs. (b) The energy difference ΔEAFM–FM between AFM and FM phases as a
function of ΔEd (the relative position of the dopant d-t2g band and the Mn d-eg band). The parameters are set as: t1 = 0.1 eV, t2 = t3 = 0.05 eV, UMn =
9.0 eV, and UX = 7.0 eV. For comparison, ΔEd of X-doped MBTs and M2BTs obtained from DFT calculations is also given.
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bilayers, also showing the preferred FM over AFM coupling as
displayed in Fig. S5.†

Next, we have examined the Tc or Néel temperature (TN) of
the X-doped M2BT monolayers by performing the Monte Carlo
simulations (Table 1). The Tc is ∼20 K, 80 K, 146 K, and 54 K
for Sc-, Ti-, V- and Cr-doped systems, respectively. Here, the
estimated Tc of V-doped M2BT is shown in Fig. 4. It is noticed
that the V-doped M2BT monolayer hosts the highest Tc rather
than the Cr-doped one, which is different from the assessment
based on ΔEd. This is attributed to the fact that the V-doped
system has larger J1. We have also calculated the MAE of each
system (see Table 1), where it is defined as MAE = E∥ − E⊥,

with E∥ and E⊥ denoting the total energies associated with the
magnetic moment parallel and perpendicular to the plane of
the 2D materials, respectively. Furthermore, we have also esti-
mated the Tc/TN of the X-doped M2BTs from the mean-field
theory using the formula Tc = (2/3kB)zS(S + 1)J1, where, S = 1/2,
z = 3 for the honeycomb lattice, and kB is the Boltzmann con-
stant, and the estimated Tc/TN is listed in Table 1, and is com-
parable to that of the MC simulations.

Furthermore, we have double checked the electronic band
structure and topology of the hole-doped M2BT monolayers.
We found that Ti- and V-doped Mn2Bi2Te5 are insulators with
a bandgap of ∼70 and 290 meV, respectively, while Sc- and Cr-

Table 1 Structural, electronic, and magnetic properties of intrinsic and X-doped Mn2Bi2Te5 monolayers (X = Sc, Ti, V, Cr, Fe, Co, or Ni), where, a,
MX, EG and J1 represent the lattice constant, magnetic moments of X/Mn, bandgap, and calculated parameter of MC simulations, respectively. “M”

represents that the system exhibits metallic behavior. TMC
c /TMC

N and TMF
c /TMF

N denote the estimated temperatures from the Monte Carlo simulations
and mean-field theory, respectively

Sc Ti V Cr Mn Fe Co Ni

a (Å) 4.33 4.31 4.29 4.28 4.29 4.25 4.24 4.26
MX (μB) 0.57 2.0 3.0 4.0 5.0 4.0 3.0 2.0
MAE (meV) 0.18 0.15 0.36 −0.46 — — — —
TMC
c /TMC

N (K) 20 80 146 54 36 68 85 59
TMF
c /TMF

N (K) 26 91 169 84 33 71 109 62
EG (eV) M 0.07 0.29 M 0.39 M 0.14 0.11
J1 (meV) −0.74 −2.63 −4.87 −2.42 0.93 2.03 3.15 1.75

Fig. 3 Calculated partial density of states (PDOS) of Sc (a), Ti (b), V (c), Cr (d), Fe (e), Co, (f ) and Ni (g)-doped M2BT monolayers, and the PDOS of
Mn is also given for each system. Fermi levels are set to zero. The vertical dashed lines mark the positions of the d-bands of TM dopants (X) and Mn,
which are separated by ΔEX. The yellow and cyan colors indicate the cases of ΔEX > 0 and ΔEX < 0, respectively.
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doped ones are metallic, as shown in Fig. S6.† Regarding the
topological properties of Ti- and V-doped monolayers, the cal-
culated Chern number C = 0, indicating that they are topologi-
cally trivial. Generally, the bandgap will be reduced by increas-
ing the layer number of MBTs. Indeed, the gap of the V-doped
Mn2Bi2Te5 (MnVBi2Te5) bilayer is reduced to ∼80 meV, as
shown in Fig. 5(a), which remains topologically trivial with C =
0 (see Fig. S7†).

In order to restore the electronic topology, we propose to
apply strain to induce band inversion, as shown before.53

Thus, we have investigated the magnetic, electronic and topo-
logical properties of the MnVBi2Te5 bilayer under in-plane
biaxial tensile strain.54 The calculated results reveal that the
ferromagnetism can be well preserved under strain. With
increasing strain, the bandgap first closes, and then reopens
(see Fig. 5(b) and (c)). The projected bands show that band

inversion happens at ∼4.6% tensile strain as displayed in
Fig. 5(c), indicating that the strain restores the nontrivial topo-
logy. From Fig. 5(c), one also sees that the nontrivial Berry cur-
vatures only distribute around the Γ point. The calculated C =
1, together with one chiral edge state appearing along the edge
as shown in Fig. 5(d), demonstrates that the system is a Chern
insulator exhibiting the QAHE. Moreover, our calculations
reveal that the QAHE can also be realized in a strained
MnVBi2Te5 trilayer, and the topological gap increases to
∼16 meV under strain (see Fig. S8†). The estimated Tc of ∼75 K
for the strained MnVBi2Te5 trilayer suggests a high-T QAHE.

Finally, we examined the dynamic stability of the
MnVBi2Te5 monolayer by calculating its phonon spectra (see
Fig. S9†), which show no imaginary phonon mode. Moreover,
our calculations also show that V dopants prefer periodic sub-
lattice sites over disorder, as shown in Fig. S10,† suggesting
that the growth of layered MnVBi2Te5 is experimentally feas-
ible. We have checked three structural configurations which all
give qualitatively the same results. Interestingly, from the
second configuration one sees that the QAHE can also be rea-
lized in slightly disordered structures (see Fig. S11†).
Furthermore, we have also checked the magnetic coupling of
V-doped M2BT with a 25% (11.1%) doping concentration,
namely, only one Mn atom is replaced by one V atom in a 2 × 2
× 1 (3 × 3 × 1) M2BT, whose crystal structures are shown in
Fig. S12.† It is found that FM coupling is still preferred at all
these doping concentrations, supporting the proposed DDB
model.

Conclusions

In summary, we propose a generic DDB model to elucidate the
energy difference (ΔE = EAFM − EFM) between the AFM and FM
coupling in the TM doped MnBTs (n = 1, 2). Our DDB model
shows that ΔE is universally determined by a single parameter,
the relative position of the dopant (X) and Mn d-eg/t2g bands,
ΔEd ¼ EX

eg=t2g
� EMn

eg=t2g
. If ΔEd > 0, then ΔE > 0 and the desired

FM coupling is favored. We believe that the DDB is general

Fig. 4 Normalized magnetic moment (magenta dotted line) and
specific heat Cv (blue dotted line) of the MnVBi2Te5 monolayer as a func-
tion of temperature obtained from the Monte Carlo simulations.

Fig. 5 Electronic band structures of pristine (a) and strained (b) V-doped M2BT bilayers with spin–orbit coupling. (c) Magnified bands near the Fermi
level in (b) showing a gap of ∼5 meV, where the projected bands of the Bi-pz and Te-pz orbitals are also shown. The orange dotted line represents
the Berry curvature distribution. (d) Edge states of the strained V-doped M2BT bilayer, where the red and blue colors represents the contributions of
the edge states. The Fermi levels are set to zero.
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and applicable to other magnetic TI compounds as well, pro-
viding useful guidance for future experiments. In particular,
we propose that V-doped Mn2Bi2Te5 may exhibit the high-T
QAHE under strain which restores the topological order miti-
gated by doping.
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