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Based on ab initio calculations, we study the electronic structure of the BiTel/MnBi,Te, heterostructure
interface composed of the antiferromagnetic topological insulator MnBi, Te, and the polar semiconductor trilayer
BiTel. We found a significant difference in the electronic properties of the different contacts between the substrate
and overlayer. While the case of a Te-Te interface forms a natural expansion of the substrate, when the Dirac
cone state locates mostly in the polar overlayer region and undergoes a slight exchange splitting, the Te-I contact
is the source of a four-band state contributed by the substrate Dirac cone and Rashba-type state of the polar
trilayer. Owing to magnetic proximity, the pair of Kramers degeneracies for this state is lifted, which produces
a Hall response in the transport regime. We believe our findings provide new opportunities to construct novel

spintronic devices.
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I. INTRODUCTION

The interplay between the spin-orbit interactions and mag-
netism attracts a lot of attention owing to the impact on the
band topology and electron transport phenomena [1-3]. In the
case of asymmetric bulk and surface systems, the spin-orbit
effects produce the Rashba spin splitting of bulk and surface
bands [4,5], which is exploited in the proposed spin-field tran-
sistor [6,7]. Another example is the quantum spin Hall effect
reflected in the formation of Dirac cone states with the “spin
filtering” transport property on the boundaries of topological
insulators (TIs) [8]. The introduction of magnetism enriches
the complexity and noteworthiness of the systems with the
mentioned spin-orbital phenomena via the breaking time-
reversal symmetry and thus lifting degeneracies of the Rashba
states and Dirac cones. It forms an additional topological band
gap which is the source of the spin-based transport phenom-
ena like the recently proposed chiral orbital magnetization
effect [9], which allows applying such systems in spintronic
devices [7,10,11] and quantum computation [12,13].

One possible strategy of further research of interrelation
between magnetic and spin-orbit effects is based on the design
of complex heterostructures with both these contributions.
Owing to the weak chemical interaction between building
blocks, the van der Waals compounds provide a suitable plat-
form to design systems with the desired properties [14,15]
via the molecular beam epitaxy or mechanical exfoliation
techniques [16].

The ideal ingredients for a design of complex heterostruc-
tures with both magnetic and spin-orbital effects are the
antiferromagnetic topological insulator MnBi,Tes and polar
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semiconductor BiTel. The former is a magnetic semiconduc-
tor [17] composed of the seven-layer (7L) blocks coupled
by Van der Waals forces along the [0001] direction. This
magnetic topological insulator has been proposed as an ef-
ficient platform for magnetic spintronics [18-23], containing
exchange-split bands on the (0001) cleavage plane and provid-
ing the effect of magnetic proximity. Another constituent, the
polar semiconductor BiTel, is built up by polar trilayers and is
characterized by the giant Rashba-type spin splitting of both
bulk gap edge and surface states [24,25]. The excellent match
of the in-plane crystal cell parameters for both constituents
prevents dislocations or the Moiré pattern effects during the
formation of the interface.

Here, we report a density functional theory (DFT) study
of the van der Waals heterostructure composed by the anti-
ferromagnetic topological insulator MnBi,;Te4(0001) surface
(MBT) and polar semiconductor BiTel trilayer resulting in
the formation of the BiTel/MBT interface. The Te-Te contact
case forms a nonmagnetic extension of an MnBi,Te,4 pristine
surface by a BiTel trilayer, which is expressed in a spatial
shifting of the exchange-split Dirac cone surface state into the
overlayer region. This behavior is caused by a strong spin-
orbit contribution in both the substrate and overlayer and by
the absence of strong perturbation of the electrostatic potential
over the BiTel trilayer deposition. Also it is accompanied by
the shrinking of the exchange band gap of the Dirac cone and
its downward shifting at overlayer deposition.

In the case of the Te-I contact, the energy spectrum near
the Fermi level is formed by a four-band state composed by
the Rashba-type state of the overlayer and Dirac state of the

©2023 American Physical Society


https://orcid.org/0000-0003-0009-6105
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.045402&domain=pdf&date_stamp=2023-01-03
https://doi.org/10.1103/PhysRevB.107.045402

N. L. ZAITSEV et al.

PHYSICAL REVIEW B 107, 045402 (2023)

(c) _ _
Y
0.4 \\ \%
o.zé /R
0.0
—0.2—5 ' x
\
] A
RT3 —06- \
P .\\‘\ i
R _o.g 1L LA H“‘H-
-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2
k (A1) k) (A=1)
(d) Te-Te (e) Te-I
0.3 K b r M 0.3 K - r _) M

E — Ef (eV)

0.1

0.0
k(A7)

T
-0.1

0.2

—0.14

0.2

0.0' '
ky (A7)

FIG. 1. (a) Schematic geometrical structure of the BiTel/MBT interface with different orientations of the BiTel trilayer. In-plane spin-
resolved surface band structure calculated with large separation of 12 A between the (b) pristine MnBi,Te, (0001) surface and (c) BiTel
trilayer. Spin-resolved electron spectrum for (d) Te-Te and (e) Te-I interfaces in the case of equilibrium structures. The value and direction
of the in-plane spin projection are coded by the circle size and color, where the positive value corresponds to red and the negative to blue.
The light green area represents bulk projected bands, and the black rectangular emphasizes the trivial surface states of MnBi,Te,(0001). For
(b), (d), and (e), the magnetic exchange and hybridization energy gap at the center of SBZ are denoted by green (blue) rectangles. In (e), the
hybridization energy gap is denoted as I and two exchange gaps as II and I1I. In (c) and (d), the unoccupied Rashba states are denoted by the
R symbol. The trivial surface states of the MBT are shown by the T symbol.

magnetic substrate surface. In the vicinity of the Brillouin
zone center, there are two types of features: (1) a hybridized
band gap, owing to interaction of these two states, and
(2) two exchange gaps, owing to magnetic proximity with
the substrate. The latter features are the source of intrinsic
Hall conductivity, due to time-reversal symmetry breaking,
what allows applying this state in spintronic devices. This
finding demonstrates another way to form a hybridization gap
between the Rashba-type and Dirac cone states, which is also
previously observed in pristine MBT [26] and MnBigTe o [27]
surfaces.

II. CALCULATION DETAILS

The crystal structure of MnBi,Tes is characterized by
the lattice parameters a = 4.33 A and ¢ = 40.93 A [28]. The

same a parameter is used for BiTel trilayer placed on top of
MBT [Fig. 1(a)]. The semi-infinite MBT was represented by
periodically repeated slabs of six septuple layers in width,
with vacuum imposed in z direction along the surface nor-
mal. The BiTel trilayer was attached to one side of the slab.
The effective screening medium method [29] was used for
proper matching of the potential in the vacuum region of the
asymmetric slab. Both parallel and antiparallel aligning of
the MnBi,Tes(0001) surface normal with the BiTel trilayer
dipole moment (directed towards the Te layer) was consid-
ered. Hereinafter, we denote these two cases as Te-I and
Te-Te interfaces [see Fig. 1(a)]. We considered a type of
junction between the substrate and the overlayer that is similar
to the one between the adjacent seven-layer blocks inside the
MBT substrate.
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The equilibrium vertical separation dy between MBT and
the trilayer was determined from relaxation of interplanar
distances of the utter MBT septuple layer along with BiTel,
whereas the rest of the slab was fixed in the bulk geometry.
The structural optimization was performed within the PBE-D3
scheme [30,31], which incorporates an empirical correction
to include dispersion forces on top of the PBE functional
using the projector augmented-wave (PAW) method [32,33]
implemented in VASP [34]. The Hamiltonian contained scalar
relativistic corrections, and the spin-orbit coupling (SOC) was
taken into account [35,36]. We used the PAW pseudopoten-
tials with 5 (Bi), 6 (Te), 7 (I), and 7 (Mn) valence electrons. As
it turned out, the influence of spin-orbit coupling on the force
field is quite noticeable. The elongation of the equilibrium
vertical separation dy due to SOC reaches 0.1 A in case of the
Te-I interface providing dy = 2.98 A, while it is half as much
for the Te-Te case with dy = 2.64 A (see Table 1 in Ref. [44]).
Therefore all electronic structure results were obtained for
geometries optimized with inclusion of SOC. Note that the
variation of interplanar atomic distances within atomic blocks
has no significant effect on the surface electronic bands rear-
rangement.

Ab initio electronic structure calculations were performed
within the DFT as implemented in the OPENMX (version 3.8)
code [37]. The linear combination of localized pseudoatomic
orbitals [38—40] was used to construct the basis functions.
The fully relativistic norm-conserving pseudopotential [41]
which incorporates SOC contribution [42] was taken as a
replacement for the deep core potential. The generalized
gradient approximation Perdew-Burke-Ernzerhof (PBE) func-
tional [43] was applied for the exchange-correlation energy.
The basis functions were set as follows: Mn6.0-s3p3d2,
Te(1)7.0-s3p3d2f1, and Bi8.0-s3p3d2fI, namely, 3 primitive
orbitals for each s and p channels and 2 primitive orbitals
for the d channel with the cutoff radius of 6.0 a.u. were used
to define Mn atoms, etc. The pseudopotentials of Bi, Te, I,
and Mn have comprised 15, 16, 7, and 15 valence electrons,
respectively. The real-space grid for numerical integration
and solution of the Poisson equation was set to 200 Ry of
the cutoff energy. The total energy convergence criterion was
3 x 1073 eV. The surface Brillouin zone (SBZ) of the super-
cell was sampled with a 7 x 7 mesh of k points, which is
sufficient to achieve reasonable accuracy of the calculations
(see Figs. 1(b) and 1(c) in Ref. [44]).

The calculated in-plane spin-resolved band structure of
BiTel/MBT interface with the 12-A separation between the
MBT surface and the BiTel trilayer (to eliminate any inter-
actions between them) is shown in Figs 1(b) and 1(c). The
panels depict the bands localized within the surface septu-
ple layer of MBT [Fig. 1(b)] and within the BiTel trilayer
[Fig. 1(c)], respectively. In contrast to the nonmagnetic case
of the structurally similar PbBi,Tes; and PbSb,Tes surfaces,
where Kramers degeneracies are located within the projected
band gap [45,46], the presence of a magnetic exchange field
of MBT lifts this degeneracy in topological surface states
(TSS), which forms the gap of ~80 meV [Fig. 1(b)]. Thus
the upper part of the Dirac cone lies within the projected
band gap above the Fermi level, whereas the lower part with
a flattened vertex resides just above the valence band [17,47—
49]. The formation of an exchange gap also triggers the S,

spin contribution in this part of the spectrum (see also the ab
initio spectra presented in Ref. [17]). Note that at an energy
of ~ —0.65 eV, there are trivial surface states (SS) of MBT
[Fig. 1(b)], which are heavily involved into interaction with
BiTel, as will be seen further. In turn, the degenerate point of
the highly split Rashba state of the BiTel trilayer lies above
the Fermi level and moreover overlaps with the bulk projected
bands of MBT [Fig. 1(c)].

III. RESULTS

The relaxed Te-Te and Te-I interfaces have similar values
of total energy, where the first one is 0.1 eV more favorable
than the second one. Also, the first interface is characterized
by the ~0.3 A shorter interlayer distance between trilayer
and MBT (Te-Te interface spacing dy = 2.64 A, Te-I: dy =
2.98 A) and is a bit shorter than the vdW spacing of MBT
substrate (dyqw = 2.725 A) [see also Fig. 1(a)]. The other
interplane distances are tolerant to the interface type.

The ab initio spin-resolved surface electronic spectrum of
Te-Te interface [Fig. 1(d)] has notable changes with respect
to the pristine MBT surface [Fig. 1(b)] and nonmagnetic
BiTel /PbSb, Te, interface with the same layer stacking [45].
Namely, a tiny exchange Dirac gap [see green rectangle in
Fig. 1(d)] of a few meV width takes place, located just above
the valence band maximum. The shifted down Dirac state has
increased velocity. With that, at the SBZ center, the lower part
of the Dirac cone overlaps with the set of weak surface states
inherited from the highest MBT bulk valence state, due to the
electrostatic field near the surface. In turn, the Rashba-type
state resides at ~0.2 eV lessening their momentum splitting.
Note that the BiTel overlayer on MBT is prone to pull the
surface states into itself, like in the case of adsorption on
Au(111) [50] or PbSb,Te4(0001) [45] surfaces.

Other trends can be seen in the electronic structure of the
Te-I interface [see Fig. 1(e)]. In the area near the Fermi level, a
set of spin-polarized states appears. As will be discussed after-
wards in detail, they are separated by energy gaps of different
nature. The two gaps (IT and III) [green color rectangles] are
of exchange type and are originated from the presence of a
magnetic MBT substrate. The highest (lowest) exchange gap
is of ~49 meV (of ~42 meV) width. Another type gap (I) is
crossed by the Fermi level and is of ~86 meV width (blue
color rectangle). It has a hybridization character and is in-
duced by interaction of the surface cone state of MBT and the
Rashba-type state of the overlayer. The gap of same nature has
been observed previously at consideration of the nonmagnetic
BiTel/PbSb,Te,4 surface heterostructure [45]. In such a way,
Te-1 interface forms the single four-band state composed of
the two-band Dirac and Rashba-type states. Out of the area
of the SBZ center, where the hybridization gap is formed,
the discussed four-band state dispersion is inherited from
these spin-orbit contributions. To provide additional evidence
for nature of the presented gaps, we have calculated surface
electronic structure with magnetic easy direction along the in-
plane axis (see Fig. 3 in Ref. [44]). In this case, the exchange
gaps II and III shrink to zero, similar as it happens for the
Dirac point on the surface of magnetically doped topological
insulators [51] or V-based antiferromagnetic topological insu-
lators [52], while the hybridization gap remains unchanged.
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FIG. 2. Surface spin-resolved electronic structure of a Te—Te interface [(a)—(d)] for different separations between the MBT surface and
trilayer with respect to the equilibrium geometry, Ad = d — d,, and [(e)—(h)] for a different spin-orbit coupling strength of the Bi and Te p
states of BiTel trilayer. The natural SOC contribution gives 1/1y = 1. In the panels, the magnetic exchange gap at the SBZ center is indicated
by the green areas. For each panel, the gap width is denoted from the right side of the green area. In (a), the subsurface Rashba state is denoted

by the R symbol.

It should be noted that due to presence of the valence band
maximum which plays a role of charge reservoir, the potential
gradient near the surface region produces additional surface
states which are involved in the interaction with the four-band
state under consideration, which can be regarded as the sim-
plification of the low-energy surface electronic spectrum for
this type of interface.

A. Te-Te interface

The origins of the calculated electronic structure of the
equilibrium Te-Te interface can be clarified by varying the
vertical separation d between MBT and polar trilayer, which
changes the interaction between these building blocks. Also,
electronic spectra at an increased d correspond to the cases
when additional species intercalate into the van der Waals
region inert atoms. The examples are atomic clusters or
molecules with ion-covalent bonding confined within these
species [46,47,53]. The effect of expanding the interlayer

distance has also been studied experimentally in some van der
Waals materials like MoS, [54,55].

At d = 3.24 A, the interaction between the substrate and
overlayer is rather weak [see Fig. 3(a)], and the bands align-
ment in the vicinity of Fermi level have no drastic changes
with respect to the fully decoupled case presented in Fig. 1(b).
The exchange gap decreases by a few meV due to a slight
downward shift of the upper part of the cone; the change in
the energy of the Rashba states is also small, but their mo-
mentum splitting is halved compared to a freestanding BiTel
trilayer [Figs. 1(c) and 3(a)]. However, this weak interaction
induces a large ~0.4 eV upward shift of spin-orbit split trivial
surface states [marked by the T symbol in Fig. 3(a)] residing
at —0.65 eV in the case of pristine MBT [also marked by T
in Fig. 1(b)]. Moreover, the sign of effective masses of these
spin split states is switched (see also Fig. 2 of Ref. [44]).

When the spacing becomes 0.3 A greater than the equi-
librium one (Ad = d — dy = 0.3 A), the trivial surface state
transforms to a cone with helical spin polarization whose
apex lies at the energy of —0.11 eV, at that, the increasing
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FIG. 3. (a) In-plane spin-resolved surface electronic structure of Te-Te interface with a vertical separation d = 3.24 A. (b) Charge density
distribution of the upper part of the Dirac surface state (purple curves) at the T point as function of out-of-plane direction (integrated over the
xy plane) for different vertical spacing between the MBT surface and trilayer (top) and spin-orbit coupling strength, A/, (bottom) (see also
Fig. 2). The integral of charge density inside the vicinity of adjoined atomic layers are color-coded by the intensities of green.

interaction within the interface tends to relocate the wave
function from the magnetic septuple layer to the trilayer. The
flattened lower part of the Dirac cone acquires a sharp shape
around the T point with the same helicity as the modified
trivial surface state. In contrast, the Rashba state relocates
from the trilayer to the underlying septuple block of the MBT
substrate, and its momentum splitting crucially declines [see
Fig. 2(a)].

At further reduction of Ad, the cone of the trivial surface
state moves up, passes through the valence band, and in the
region of the SBZ center hybridizes with the flat lower part
of the Dirac cone, which keeps its energy position beyond
the T-point vicinity [Figs. 2(b) and 2(c)]. At equilibrium
distance, d = dj, the formation of an almost gapless Dirac
state is revealed, which is hybridized with the bulk bands near
the SBZ center forming a set of surface resonances, and the
apex of the lower cone reaches the maximum energy at the
T point [Fig. 1(d)]. The subsequent shrinking of the inter-
layer distance, d, shifts the topological surface states down
in the energy scale [Fig. 2(d)], albeit the exchange gap size
is still negligible. Note that the TSS wave function tends to
be localized in the trilayer when approaching to MBT sim-
ilar to the case of BiTel/Au(111) interface [50]. However,
under compression of the interface, the TSS pulls back into
the subsurface region (see lower curves of the top panel in
Fig. 3(b)) due to the resonant character of this state when the
magnetic exchange gap lies in the spectral region of the bulk
state projection of the highest valence band.

The distance dependent surface electronic structure evolves
in a similar way as it happens at artificial SOC modulation
on Bi and Te atoms of the trilayer [see Figs. 2(e)-2(h)]. In-
creasing the interlayer distance by Ad = 0.1 A, surface states
shift in a similar fashion as the reduction of the SOC factor by
10%, A/ o = 0.9 [Figs. 2(c) and 2(g)]. Note that it is enough
to modulate the SOC factor of p states only, since the TSS

are predominantly composed by this type of orbitals. Finally,
under compression, Ad = —0.1 A [Fig. 2(d)] or at increased
SOC factor, A/Ag = 1.1, the lower part of the cone shifts down
in the energy scale [Fig. 2(h)]. Moreover, the wave function of
the upper part of cone is maximally localized on the trilayer
at equilibrium distance and natural SOC strength, A/1¢ = 1.
With increasing A/Ag, the Dirac cone charge localization is
extruded back to the MBT in the same way as at approaching
BiTel trilayer close to MBT surface [see the lower curve of
the bottom panel of Fig. 3(b)], which, again, is the result of the
resonant character of the Dirac cone state near the SBZ center.

The effect described just above originates from the an-
tiparallel directed trilayer dipole moment, which induces a
potential gradient on the MBT surface. The same has been
previously observed under additional surface doping [48]
when the surface negative charge reduces the exchange gap
in pristine MBT [48], due to downshift of the upper part of
the split Dirac cone. Such a relationship of spin-orbit inter-
action and electric field effects has been revealed in various
materials [56-58].

For this type termination, the formation of the exchange
gap in the Dirac state is the source of a range of transport
phenomena: half-quantized Hall conductivity [59], anoma-
lous Hall effect [22,60], and topological magnetoelectric
effect [61,62].

B. Te-I interface

The inverted polarity of the trilayer in the Te-I interface
leads to the parallel orientation of the dipole moment of this
building block with respect to the MBT surface normal. It
provides a positive potential gradient near the vacuum region.
Hence, at approaching of the trilayer closer to the MBT sur-
face, the Dirac state reallocates inside the trilayer. Such an
effect of TSS redistribution towards the vacuum boundary has
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FIG. 4. Surface electronic structure of Te-I interface for different spacings between the BiTel overlayer and MBT surface. (a) The spacing
is 0.3 A greater (left) and 0.1 A lesser (right) than the equilibrium one. The colors highlight the extent of spacial localization of the states
inside the trilayer (blue) or within the two utmost septuple layers of MBT (red). (b) Electronic band structure [Eq. (1)] of the proposed model
(left) with parameters given in Table I (solid black lines) and without taking into account the magnetic contribution, H, (Ag = Ap = 0)
(dashed red lines). (Right) Energy dependence of Hall conductivity o,,(E) = V/(2n )? f dzkaxy(k, E). For all panels, the magnetic exchange
and hybridization energy gap at the center of SBZ are denoted by green (blue) areas. Hybridization energy gap is denoted as I and two exchange

gaps as I and III.

been previously observed in the case of MBT surfaces under
a positive external electric field [48]. Also, in the case of the
Te-I interface as Ad decreases the Rashba-type state moves
down in the spectrum. In such a way, at Ad = 1 A, this state
overlaps with the lower part of the Dirac cone immediately
below the Fermi level with the formation of hybridization
between them. It manifests the single four-band composite
state that persists at subsequent decrease of Ad.

In Fig. 4(a), the corresponding spectra are shown for Ad =
0.3 A (left panel) and Ad = —0.1 A (right panel). Decreasing
the distance between the trilayer and the MBT surface affects
the width of local band gaps of different nature. Over this
process, the hybridization gap (marked as I on the figure)
is becoming larger (from 57 meV at Ad =0.3 A, up to
100 meV at Ad = —0.1 A), which agrees with enhancing the
interaction between building blocks. At the same time, local
exchange gaps (II, III) behave differently. The unoccupied one
is shrinking from 52 meV (Ad = 0.3 A) to 45 meV (Ad =
—0.1 A), while the occupied one, on the contrary, enlarges
from 34 to 46 meV. Such an effect speaks for the complexity
of the interaction between hybridization and exchange contri-
bution for this four-band state. Another effect of the complex
hybridization of Rashba-type and Dirac states is expressed in
spectra by changing the character of the contribution in the
vicinity of the T point for the hybridization gap edges. The un-
occupied branch is composed by the Dirac state contribution,
which corresponds to the localization within the two upper

TABLE 1. Parameters of the four-band model (1), obtained from
the fitting ab initio band spectrum.

uw=D mw=R uw=D nw=R
M} (eV) 005  —002 @, eVA) 142  -190
Ml (eVA?) 229 1566  y,(eVA®) 1185  26.67
A, (eV) 0.035 0010  A(eV) 0.06

SL blocks (2SL), while the occupied one is formed by the
Rashba-type contribution (localized within the trilayer block).
Out of the SBZ center, the contribution becomes inverted,
i.e., the unoccupied band is contributed by the trilayer block,
while the occupied one by the 2SL blocks. It should be noted,
the exchange nature of gaps II and III is manifested in the
formation of S; spin component for all involved four bands of
the considered composite state (see also Fig. 4(a) in Ref. [44]).
To address the transport properties of the composite four-
band surface state at Te-I interface, we use the simple k - p
model. The model Hamiltonian (1) is composed by two con-
tributions. The first one describes the linear Dirac-type states
and Rashba-type states interaction, the second one the time-
reversal symmetry breaking magnetic contribution, H,,:

A AD A‘ A
Ak) = (H o Hi}'};) — . ()

H,,
Here, HP (k) and HR (k) are 2 x 2 Hamiltonians of the Dirac
and Rashba-type states localized in the uppermost seven-layer
block of the substrate and BTI overlayer, respectively. Both
contributions have the same form, distinguished only by the
parameter values:

A (R) = My + MU + (kb = kyd) + D06+,

where & are Pauli matrices in spin space, u identifies the
Dirac (D) or Rashba (R) part of the Hamiltonian, M and
M are the constant-energy shift and kinetic energy strength
contributions, respectively. «, and y, are the spin-orbit
and hexagonal warping strengths, respectively [63]. The hy-
bridization contribution A int does not depend on momentum
and takes the form Acy. The magnetic term is defined by
H, = diag(Ap, —Ap Agr, —Ag), where A, is the strength
of the Zeeman contribution with an out-of-plane magnetic
moment. It should be noted that the proposed model is rel-
evant within the small area near the T' point, where possible
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higher-order terms are caused by the impact of another nearby
surface and resonant states. The parameters of the Hamilto-
nian have been obtained via the fitting procedure applied to
the ab initio surface spectrum, and are shown in the Table I.
The Rashba-type part Hg(k) has a dominant kinetic energy
term, M f , with respect to the spin-orbit contribution strength,
ag, and has opposite sign with respect to the one of Hp(K).
The relative difference between exchange parameters Az and
Ap(Ap/Ag = 3.5) in the Rashba-type state and linear Dirac
state is in good accordance with aspects of localization of
these states: the former is located mostly in the trilayer block,
while the latter in the uppermost seven-layer block of the
magnetic substrate.

On the left panel of Fig. 4(b), the energy spectrum of the
presented model is shown for the parameters given in Table I
(color-coded curves), and for these parameters, but without
the magnetic contribution, Ap = Ag = 0 (red dashed lines).
The bright feature of the presented spectra is the hybridization
band gap near the T point, at —0.02—0.05 eV energy range
[Fig. 4(a)], which is formed by nonzero A, and this aspect
of the model exactly reproduces the ab initio results. As can
be seen in the figure, the magnetism enhances the range of
features in the spectrum. Firstly, it produces local exchange
gaps in the vicinity of the T point at ~ — 0.08 and ~0.1 eV
(green color on the figure), which is also in agreement with
the ab initio results. Secondly, it is avoided crossings: at
~ —0.08 eV, they are located along T'-K direction, while
along T-M such features are also caused by the additional
hexagonal warping effect. At ~0.15 eV, the formation of this
type of features is artificial, owing to the limitation of the
k - p model producing the intersection of Rashba-type and the
linear Dirac state branches without magnetism.

Both time reversal symmetry breaking and surface inver-
sion asymmetry induce nonzero Hall conductivity. On the
right panel of Fig. 4(b), we show the energy dependence of
Hall conductivity, o,,, integrated over momentum space at
each E. The Hall conductivity has been calculated by using
the antisymmetric component of topological Berry curvature
tensor Q. (k):

2
0k, E) = 2 3 f(E, — EX k),

where f is the Fermi function, and ;7 (k) has been computed
by using the Kubo formula:
(n]¥x|n"){n'|¥y[n)

Q;‘y(k)=2hzlmz "
n — Ln’

n’'#n

)

where the velocity operators are v, , = 1/h 0H [0k y.

The maximal intensity is located at the energy where the
magnetic contribution into the band dispersion is maximal,
i.e., the regions of the exchange gaps and avoided crossings.
The bright peak of oy, (E) is located at —0.08 eV, decaying
down to the energy scale. At energy range of 0.08-0.18 eV, a
two-peak feature is shown, where the lower peak corresponds
to the exchange gap at the T point and the higher the discussed
avoided crossing feature. In such a way, there are two energy
areas contributing to the Hall conductivity, and they corre-
spond to the local band gaps of lifted Kramers degeneracies
due to the magnetism.

IV. CONCLUSION

In the case of Te-Te interface of a MBT/BTI heterostruc-
ture, the effect of the presence of the overlayer induces a
spatial shift of the exchange split Dirac cone into the region of
the BiTel overlayer and in reducing of the exchange gap size
with respect to pristine surface of the substrate. As a result,
the surface Dirac cone mostly locates inside the polar over-
layer despite that the Rashba-type spin splitting is a spectral
peculiarity of the BiTel compound. Such an effect is related
with bulk gap edge states inversion of the substrate, which has
been also demonstrated via the ab initio calculations. In such a
way, the deposition of BiTel trilayer on the MnBi, Te, surface
can be the route to manipulation of exchange gap size of the
Dirac cone.

Between two possible side surfaces of MBT/BTI in-
terfaces, the Te-Te case stands out by the formation of
a four-band state induced by the Rashba-type and linear
Dirac cone coupling. Owing to the magnetic nature of the
substrate, this state undergoes sizable exchange splitting,
which ensures intrinsic Hall conductivity contribution via
the time-reversal symmetry breaking. Herewith, the observed
conductivity is not quantized due to nonzero density of states
in the corresponding energy region. The described properties
of the four-band state resemble those of the widely studied
exchange-split Rashba-type state, which is a useful model
to study fundamental aspects of anomalous Hall conductiv-
ity [11]. Hence, one can expect the same magnetotransport
phenomena for the described four-band state of the current
investigation. First of all, additional random impurities should
produce extrinsic side-jump and skew-scattering contribu-
tions to anomalous Hall conductivity in the Te-I interface
of the MBT/BTI heterostructure [64—-66]. Next, one can ex-
pect the surface anisotropic magnetoresistance effect [67,68].
Due to the strong spin-orbit coupling contribution of the
BiTel overlayer, Dzyaloshinskii-Moriya spin interaction can
be produced, which ensures the formation of skyrmions and
magnetic domain walls [69], which opens the way for manip-
ulation of spin momentum of electrons based on the recently
proposed chiral orbital magnetization effect [9]. Another type
of related photovoltaic and optical effects in the proposed
system are the photocurrent at zero-bias voltage [70-72]
and topological Kerr effect [73,74]. In the proximity of
a superconductor, it can possible create Majorana fermion
states [75,76], which allows one to apply the proposed het-
erostructure in quantum computation [12]. We note that the
considered four-band state can be more advantageous with
respect to the Rashba-type state, owing to the presence of two
wide energy ranges with contribution of Hall conductivity. As
a result, the Fermi level can be easily pinned at this energy
regions via the surface doping.
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