
PHYSICAL REVIEW B 109, 085142 (2024)

Design of spin-orbital texture in ferromagnetic/topological insulator interfaces
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Spin-orbital texture in topological insulators due to the spin locking with the electron momentum play an
important role in spintronic phenomena that arise from the interplay between charge and spin degrees of freedom.
We have explored interfaces between a ferromagnetic system (CrI3) and a topological insulator (Bi2Se3) that
allow the manipulation of spin-orbital texture. Within an ab initio approach we have extracted the spin-orbital-
texture dependence of experimentally achievable interface designs. The presence of the ferromagnetic system
introduces anisotropic transport of the electronic spin and charge. From a parametrized Hamiltonian model
we capture the anisotropic backscattering behavior, showing its extension to other ferromagnetic/topological
insulator interfaces. We verified that the van der Waals TI/MI interface is an excellent platform for controlling
the spin degree of freedom arising from topological states, providing a rich family of unconventional spin-texture
configurations.
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I. INTRODUCTION

Recent years have witnessed an enormous growth in the
interest in the role played by symmetry, dimensionality, and
topology in quantum properties of condensed matter and ma-
terial science systems. The study and manipulation of the
spin-orbit coupling (SOC) and the spin degree of freedom is
key for advancing this line of research and revealed a plethora
of new fascinating phenomena, such as quantum Hall effects
[1], charge/spin interplay effects [2,3], that lead to many
spintronic applications [4].

Since SOC occurs through the response of the electron’s
spin to the nuclear electric field or in response to a polarization
field resulting from symmetry breaking, efficient control of
the spin configuration of electronic states has been achieved
by manipulation of their inversion and/or time-reversal (TRS)
symmetries. For instance, in materials without inversion sym-
metry, spin polarization is accompanied by a spin splitting of
electronic states and the appearance of a chiral spin texture
due to a spin-momentum locking, through Rashba [5–7] and
Dresselhaus [8] effects.

The SOC also plays a central role in the topological states
of matter, where the nontrivial phase of the bulk is usually due
to a band inversion at the Fermi level. Topological insulators
(TI) are characterized by the presence of insulating bulk
states but metallic states at the interfaces with topologically
trivial systems [9,10], which also exhibit a spin-momentum
locking and a helical spin texture with opposite chiralities of
spin. These states are robust against external perturbations
due to the presence of TRS, which suppresses backscattering
processes. In two-dimensional TIs this is manifest by dissipa-
tionless edge modes responsible for a quantized conductance
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[9–11], while in three-dimensional TIs—which is the focus of
this paper—the electronic transport properties are somewhat
more subtle [12,13]. One of the main characteristics of
chiral spin texture is that they can be exploited to generate
out-of-equilibrium spin polarizations, a process directly
linked to one of the primary objectives of spintronics: at
room temperature achieving an efficient mechanism for
interconversion between pure spin excitation and an electrical
signal [14,15], with the Rashba-Edelstein (REE) [2] and the
inverse Rashba-Edelstein (IREE) [3] effects being among
the most studied. Additionally, another challenge faced by
spintronics is to increase the carrier lifetime by suppressing
the spin relaxation interaction. One path to achieve this
goal is to obtain a material where the spin configuration is
uniform in space and independent of the moment, configuring
the persistent spin helix (PSH), where electron motion is
accompanied by spin precession [16]. The advancement of
spintronics is not only closely tied to the ability to obtain
spin-textured surface states but primarily to the capacity to
manipulate the configuration of such states. Substantial effort
is currently dedicated to this task, particularly concerning
the investigation of spin texture originating from topological
materials (such as topological insulators [9,10,17–20], Weyl
semimetals [21,22]) or materials with inversion asymmetry.

In this context, in recent years research on topological
insulator/magnetic insulator (TI/MI) interfaces for spintronic
applications has been driven by the quest for efficient charge-
spin interconversion mechanisms [23] and spin-torque trans-
fer [24,25], the latter being a promising effect for the develop-
ment of nonvolatile and low-power magnetic memories [24].
Additionally, for practical applications, TI/MI heterostruc-
tures with van der Waals (vdW) coupling are excellent candi-
dates for spintronics, as they preserve the topological proper-
ties and spin-texture behavior of TI surface states, suppressing
the occurrence of interfacial charges while protecting the ma-
terial lattice avoiding the formation of structural defects [26].
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In this paper, we propose using a topological insulator/
magnetic insulator van der Waals interface to enable the cre-
ation and design of a large variety of topological spin textures.
Our proposal is based on a systematic study of the electronic
states of a CrI3/Bi2Se3 interface using realistic ab initio calcu-
lations. We choose the CrI3/Bi2Se3 interface as a study plat-
form due to its amenable synthesis and recent experimental
interest [27–30]. In addition, Bi2Se3 is one of the most the-
oretically and experimentally studied three-dimensional (3D)
topological insulators [31–35], whereas CrI3 stands as a ro-
bust ferromagnetic (FM) insulator [28,36,37], being a promis-
ing platform for two-dimensional (2D) magnetism due to its
magnetic anisotropy [36,37], and all-optical control of magne-
tization [38]. We provide an interpretation of the results em-
ploying a simple effective model that captures the main fea-
tures of coupling between the TI and FM surfaces. Further, we
discuss some features of the disorder scattering of electrons in
TI states depending on the FM magnetization direction.

This paper is organized as follows: In Sec. II we present
the geometry of the CrI3/Bi2Se3 interface, the methodology
used in first-principles calculations, as well as the effective
Hamiltonian model that describes the interface states and the
behavior of the scattering processes. In Sec. III, we analyze
the behavior and properties of spin-orbital texture and scat-
tering rates as a function of different interface degrees of
freedom. We present our conclusions in Sec. IV.

II. METHODS

A. CrI3/Bi2Se3 interface

The CrI3/Bi2Se3 interface is constructed by considering
the CrI3 layer on the surface of the Bi2Se3 with quintuple
layers (QLs) stacking, as illustrated in Fig. 1(a). To achieve a
lattice match between the two materials, we adopt a supercell
of (

√
3 × √

3)-Bi2Se3, with the CrI3 layer slightly strained
(∼2.17%). It is worth pointing out that for such strain value,
the CrI3 system retains its ferromagnetic and insulating char-
acter. Among the possible alignments between the Bi2Se3 and
CrI3 layers, we use the lowest-energy configuration, namely,
that with the Cr atom positioned atop the Se atom [39]. The
optimized separation distance between the two materials is
3.07 Å.

B. Density functional theory

The first-principles calculations are performed using the
density functional theory (DFT) [40,41] within the gen-
eralized gradient approximation (GGA) for the exchange
and correlation functional, employing the Perdew-Burke-
Ernzerhof (PBE) parametrization [42]. A fully relativistic
j-dependent pseudopotential, within the projector augmented-
wave method (PAW) [43,44], was used in the noncollinear
spin-DFT formalism self-consistently. We use the Vienna
ab initio simulation package (VASP) [45,46], with plane-wave
basis set with a cutoff energy of 400 eV. The Brillouin zone is
sampled using a number of k points such that the total energy
converges within the meV scale. The vacuum space is set to
15 Å and atomic structures are optimized requiring that the
force on each atom to be less than 0.01 eV/Å.

FIG. 1. (a) Side view of the CrI3/Bi2Se3 interface. CrI3 layer,
indicating the in-plane (b) and out-of-plane (c) magnetization
directions adopted in our calculations. (d) Electronic structure em-
phasizing the absence of overlap between CrI3 and Bi2Se3 states
in low-energy states (close to the Fermi energy EF ). The mixing
of the color pattern indicates states with contributions coming from
different regions of the material.

To accurately describe the strong relativistic effect pro-
duced by the Bi and I atoms, as well as the weak van der
Waals interaction between the Bi2Se3 and CrI3 layers, we
include the SOC term [47] and the nonlocal vdW functional
(optB86b-vdW) [48]. Finally, the strong exchange effect due
to d orbitals of the Cr atoms is accounted for by introduc-
ing an onsite Coulomb Ueff = 2.1 eV interaction within the
L(S)DA+U approximation [49].

The 2D spin-orbital texture are computed on a
21 × 21 k-points grid over the kxky plane in the BZ. More
specifically, we study the 2D spin-orbital texture over wide
and small reciprocal space regions around the � point, namely,
−0.1(2π/a) � kx, ky � 0.1(2π/a) and −0.01(2π/a) �
kx, ky � 0.01(2π/a). The analysis of the DFT results,
including band-structure plots, surface/layer contribution pro-
jections, and spin texture along 2D Fermi surfaces, has been
performed using the VASProcar postprocessing code [50].

C. Effective Hamiltonian

Bi2Se3 is a 3D topological insulator with electronic surface
states characterized by a Dirac-like dispersion and chiral spin
texture, as shown by our DFT results (see, for instance, Figs. 1
and 5). The surface states are nicely described by the effective
Hamiltonian model

Ĥ0 = h̄vF(k × σ ) · ẑ ⊗ τz , (1)

where σ = (σx, σy, σz ) are Pauli matrices operating on
the electron spin degree of freedom (up/down), whereas
τ = (τx, τy, τz ) act on the surface degree of freedom
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(top/bottom). For clarity, the 2 × 2 identity matrix is repre-
sented by σ0 and τ0.

For thin slabs (3QLs) an intersurface coupling opens an
energy gap at the vertex of the Dirac cone. Such effect is
captured by adding an interlayer coupling term to the effective
model, Eq. (1), namely

ĤD = δ σ0 ⊗ τx, (2)

where δ stands for the interlayer hybridization matrix element.
At the interface, the magnetic moments of the CrI3 couple

to electronic spin of the topological surface states, changing
both their energy dispersion as well as their spin texture.
Figure 1(d) shows the energy bands of a system formed by
CrI3 on the surface of Bi2Se3 5QL, with out-of-plane mag-
netization. Despite the magnetic moment been located at the
Cr atoms, the Bi2Se3 surface states effectively feel an almost
uniform magnetic field. Therefore, we can add a uniform
magnetic field term HM to the effective model Hamiltonian

ĤM =
∑
i=t,b

mi · σ ⊗ τi, (3)

here mi = h̄μBBi/2, where Bi is the effective external
magnetic field of the CrI3 in the top (i = t) and bottom
(i = b) interfaces, and μB the Bohr magneton. Note also that
τt/b = (τz ± τ0)/2 project the surface subspace, and therefore
ĤM can describe a single or both surfaces interacting with
a uniform magnetic field. Given the possible asymmetric
configuration between top/bottom surfaces, we also add an
inversion symmetry breaking term

V̂ = Uσ0 ⊗ τz, (4)

with U = eV , e the electron charge and V the potential
difference between surfaces. Here, the inversion symmetry-
breaking term represents a dipole moment originated by the
presence of CrI3. Similar effect can also be induced by an
external electric field due to a gate.

We can write the low-energy Hamiltonian in the basis
{|t,↑〉, |t,↓〉, |b,↑〉, |b,↓〉}, where t (b) stand for the top (bot-
tom) surface and ↑(↓) for spin up (down) in the σz basis, as

H =

⎛
⎜⎜⎜⎜⎝

U + mt,z mt,x + h̄vF k̃∗ δ 0

mt,x + h̄vF k̃ U − mt,z 0 δ

δ 0 −U + mb,z mb,x − h̄vF k̃∗

0 δ mb,x − h̄vF k̃ −U − mb,z

⎞
⎟⎟⎟⎟⎠

,

where we define k̃ = ky + ikx = keiθ with θ with respect to
the ky direction.

Figure 2 shows a plethora of spin texture in the 2D Fermi
surfaces obtained from the study of the effective model, for
different possible parameters. The most striking features are
(i) The in-plane magnetization mt,x shifts the center of the
Fermi surface in the Brillouin zone; (ii) the surface potential
difference U changes the radius of the 2D Fermi surface,
and (iii) the intersurface coupling δ hybridizes states with
different helicities at the Fermi surface. For the CrI3/Bi2Se3

interfaces, several of the effective Hamiltonian parameters are
extracted from DFT calculations and are, from now on, fixed.
Particularly for the CrI3/Bi2Se3 interfaces we have extracted
from the density functional theory calculations each parame-
ter for the effective Hamiltonian. For instance, h̄vF = 1.5 eV
for all cases; δ = 7.5 meV and 0.1 meV for the 3QL and 5QL
slabs, respectively; U = 19.5 meV and 4.9 meV for single-
surface interfaces 3QL and 5QL slabs, respectively, and zero
for both surfaces interface, i.e., CrI3/Bi2Se3/CrI3; the mag-
netization term mβ,i = 6.4 meV for β = t, b and i = x, z. It
is worth pointing out that the obtained parameters reproduce
both the DFT low-energy dispersion, as well as the correct
spin/surface subspace polarizations, as shown in the Supple-
mental Material [51].

D. Scattering probability

In order to estimate the robustness of the different spin-
texture configurations against disorder, we study the scattering
probability from a given initial state |n1, k1〉 to a final state
|n2, k2〉, where n1, n2 stand for band indices and k1, k2 for the

crystal momenta. Here |n j, k j〉 = eik·r|τ j, σ j〉, with the four-
dimensional spinor |τ j, σ j〉 given by the eigenvectors of the
effective Hamiltonian. For a given impurity potential Ĥ ′, we
estimate for the transition probability between initial and final
states using the Fermi golden rule

�i→ f = 2π

h̄
|〈n2, k2|Ĥ ′|n1, k1〉|2ρ(En2,k2 ), (5)

where ρ(E ) is the density of states at the energy E .
Since we are interested in general properties of elastic scat-

tering processes, further simplification is in order. To avoid
addressing specifics of the electron-impurity cross sections,
we consider disorder processes that does not hybridize dif-
ferent surface states, and nonmagnetic impurities that do not
flip spin. Further, we address the long range disorder limit,
for which the scattering lengths as are much larger than the
electron wave length λ, namely, as � λ. Hence, we can ap-
proximate the transition matrix squared by a product of a func-
tion that depends on some average impurity potential times a
four-dimensional spinor (spin+surface) projection and write

|〈n2, k2|Ĥ ′|n1, k1〉|2 ∝ |〈τ2, σ2|τ1, σ1〉|2. (6)

Consequently, �i→ f ∝ |〈τ2, σ2|τ1, σ1〉|2. These approxima-
tions allow us to study the impurity-independent term and
to infer some anisotropic features of disorder scattering
processes.

III. RESULTS AND DISCUSSION

Here we present a comprehensive ab initio characterization
of the electronic structure and spin-orbital texture behavior
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increasing

FIG. 2. Families of spin texture and 2D Fermi surfaces generated
by the effective Hamiltonian, by modulating the different degrees of
freedom of the TI/MI interface. The red and blue curves indicate
states centered at different surfaces, that is, with different helicities
(direction indicated by the arrows). Fermi surface with hybridized
helicities are depicted in black dashed curves. The absent Fermi
surface in the upper panel is due to a gap energy over the surface
states.

of CrI3/Bi2Se3 interfaces. In addition, we interpret the un-
derlying physics in terms of the effective Hamiltonian and
scattering probabilities introduced above.

Our calculations explore different system settings and con-
figurations, namely, (i) finite-size effects caused by a TI slab
width, (ii) the magnetization direction of the FM, and (iii) the
presence of CrI3 in the slab interface (single or both surfaces).
The interplay of the effects corresponding to the latter settings
give rise to a rich variety of emergent spin-orbital texture
configurations.

A. Low-energy dispersion and 2D Fermi surfaces

The control of finite-size effects is achieved by varying the
thickness of the Bi2Se3 stacking. We show that, while there is
a significant surface-states hybridization in 3 QLs systems, the
coupling is practically absent in 5 QLs. This is inferred by ob-
serving that for thinner slabs (3 QLs), the topological surface
states from opposing surfaces are coupled, opening an energy
gap at the crossing of states with the same spin. This overlap
is suppressed in 5QLs slabs (δ ∼ 0). For instance, comparing
Fig. 3(a) with Fig. 3(b), corresponding to 5QL and 3QL sys-
tems, respectively, (keeping other degrees of freedom fixed)
we see a gap opening and a superposition between top (red)
and bottom (blue) surface states. In those systems, there is a
CrI3/Bi2Se3 interface only at one of the Bi2Se3 slab surfaces,
with the CrI3 magnetization normal to the interface, namely,

FIG. 3. Out-of-plane magnetization. DFT: Projection of the top
and bottom surfaces contribution to the low-energy dispersion, and
spin texture over the 2D Fermi surfaces, where the size and color
of the arrows represent the contribution surfaces to the spin vector
(Sx, Sy ) in the (kx, ky ) plane. Model: Scattering probability, for dif-
ferent Fermi energies (in eV).

nQL + 1CrI3(mz ) with n = 3 and 5. Figure 3(c) shows that the
out-of-plane magnetization hybridizes the in-plane spin po-
larization opening an energy gap, but the top/bottom surface
states remain almost orthogonal. The 3QL system behaves
differently, namely, here the intersurface coupling hybridizes
the top/bottom surface subspaces, see Fig. 3(d). Interestingly,
the out-of-plane magnetization and intersurface coupling term
in Bi2Se3/CrI3 system have equal strength in the Hamiltonian
mj,z ≈ δ. Such synergy leads to the recovery of the Dirac cone
in the band structure. (A systematic study of the δ and mz

parameters dependence of the effective model Hamiltonian is
presented in the Supplemental Material [51]).

Regarding the magnetization direction of CrI3, we ana-
lyzed the magnetizations in-plane (mx) and out-of-plane (mz ).
The main effect of mz magnetization is to induce an energy
gap in the surface states adjacent to the CrI3 layer, due to the
introduction of coupling between states of the same surface
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FIG. 4. In-plane magnetization. DFT: Projection of the top and
bottom surfaces contribution to the low-energy dispersion, and spin
texture over the 2D Fermi surfaces, where the size and color of the
arrows represent the contribution surfaces to the spin vector (Sx, Sy )
in the (kx, ky ) plane. Model: Scattering probability, for different
Fermi energies (in eV).

and opposite spins (terms mt/b,z in the Hamiltonian). Addi-
tionally, there is a Zeeman-like energy shift of the Dirac states,
lifting the degeneracy of the surface states, as shown in Fig. 3.

In turn, the in-plane mx magnetization preserves the cross-
ing of the Dirac cones. However, an efficient switching occurs
between the magnetic-moment direction and the adjacent
surface states, resulting in a momentum shift of the states
perpendicular to the magnetization direction, whose direc-
tion is associated with helicity of the spin texture, leading
to the breaking of Fermi contours concentricity, as shown in
Fig. 4. Hence, by modulating the intensity and direction of
magnetization, this allows for the control of the direction and
shape of both the energy dispersion and the spin-component
orientation of the topological states of Bi2Se3, a feature
which is potentially advantageous for spintronic applications.
Conversely, the reciprocal effect of this coupling can enable

FIG. 5. Spin-orbital texture (near the � point) corresponding to
the px , py, and pz orbitals of the surface states of a 5 QL stacking of
Bi2Se3.

electrical control of the magnetization direction of CrI3 when
a charge current is introduced in Bi2Se3, given the well-
established presence of the spin-orbit torque (SOT) effect
mediated by REE in TI/FM interfaces with in-plane magneti-
zation [24,52], with potential application for the development
of magnetic memories.

B. Spin-orbital texture

The surface states of Bi2Se3 slabs show a very strong
contribution from the pz orbital, which is responsible for their
helical spin texture, with a spin-momentum locking charac-
teristic of topological states. Meanwhile, the in-plane px and
py orbitals induce more complex and opposing spin texture,
which cancel each other out, as seen in Fig. 5 for the upper
Dirac cone of a 5QL stacking of Bi2Se3. Interestingly, several
studies have reported [53–57] that in Bi2Se3, in addition to the
usual spin-momentum locking, the spin texture is tied to
the orbital texture, giving rise to the so-called spin-orbital
texture, with the pz orbital perpendicular to the layer’s plane,
while the px and py orbitals, respectively, form a radial and
tangential pattern for the upper Dirac cone, and vice versa for
the lower cone.

For each of the analyzed CrI3/Bi2Se3 interface configu-
rations, we have examined the behavior of the spin-orbital
texture arising from the px, py, and pz orbitals. By comparison
with the texture pattern originating from the stacking of pris-
tine Bi2Se3 (see Fig. 5), we have verified that the main effects
consist of the relative shifts in energy and momentum of the
texture derived from opposite surfaces, as well as a blending
of the texture patterns due to overlapping states. However, the
predominant features of the spin texture from the pz orbital,
and the mutual cancellation of texture related to the px and py

orbitals, remain unchanged, indicating that the magnetization
originating from the Cr atom does not substantially modify the
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orbital distribution of the topological states of Bi2Se3. Due to
the fact that the spin-orbital texture associated with the pz full
is equivalent to the complete spin texture of the topological
state, it is therefore relevant to scattering processes.

Regarding the pz spin-orbital texture, all the configurations
we analyzed preserve the spin-momentum locking at the 2D
Fermi surface, except for the 3QL + 2CrI3(mx ) configuration
[see Fig. 4(d)]. For this specific case, we observe that the spin
configuration near the � point becomes uniform in space and
independent of momentum. Interestingly, this is a signature of
a persistent spin helix (PSH) [58]. Additionally, we verify that
the resulting spin texture aligns perpendicularly to the mag-
netization direction [51]. Thus, it can be controlled through
the tuning of the in-plane magnetization direction. This result
aligns with one of the challenges in spintronics, which is
obtaining a material where PSH is an intrinsic, controllable,
and robust property of the system.

Another unusual spin texture occurs for a similar configu-
ration, now with out-of-plane magnetization [see Fig. 3(d)].
In the 3QL + 2CrI3(mz ) configuration, the combination of
mz magnetization on both surfaces with the hybridization ef-
fect leads each state to be distributed throughout the Bi2Se3

stacking and exhibit a null net spin texture. However, when
projecting the spin components onto each surface, we observe
spin texture with opposite chiralities, similar to those of the
nonhybridized surface state, but here, each state has equal
contributions from both surfaces.

C. Anisotropic scattering

Given the 2D nature of the topological surface states in
Bi2Se3, we have analyzed the elastic scattering amplitude
between any two states, that captures both the collinear (for-
ward and backscattering) as well as noncollinear scattering.
Here, we analyze the scattering profile by setting the incoming
state |n1, k1〉 as a top surface state (colored in red in Figs. 3
and 4). We summarized our results in Figs. 6 and 7, depict-
ing the scattering profile for out-of-plane and in-plane CrI3

magnetizations, respectively. The most notable features are
an isotropic behavior of the scattering for the out-of-plane
magnetization (mz ) in Fig. 6 and an anisotropic behavior for
the in-plane magnetization (mx) in Fig. 7.

For interfaces with in-plane magnetization, we find that
the combination of the k-moment shift of the Dirac cones
on the surface covered by CrI3, with the overlapping of the
wave functions between opposite surface states, promotes a
strong anisotropy of the scattering profile as a function of
the propagation direction of the initial state, which intensifies
in the low-energy limit (see Figs. 4 and 7). However, the
5QL + 1CrI3(mx ) configuration [Fig. 4(a)] does not present
anisotropy, given the nondisplaced Dirac cone at k moment
(CrI3 free surface). For this specific case, the intersurface
overlap term δ does not affect the scattering, as (i) the inter-
section between states (above the Fermi level) only occurs at
a single k point along the entire BZ and (ii) is smaller for 5QL
system.

Back scattering is expected to be favored in 3QL stacking
due to intersurface hybridization caused by finite size effects.
This is in line with the results shown in Figs. 6(b) and 7(b) for
lower values of EF . At larger values of EF , backscattering is

FIG. 6. Out-of-plane magnetization: Scattering probabilities as a
function of EF and propagation direction of the state along the BZ
(each figure within the same frame refers to a specific position at
moment k1 of the initial state, respectively, forming angles of 0◦, 45◦

and 90◦ with respect to the kx axis).

suppressed. Interestingly, the 3QL + 2CrI3(mz ) configuration
[Fig. 3(d)], deviates from this behavior and shows an unusual
and robust protection against backscattering for any analyzed
energy value. Here a resonance occurs between the interlayer
coupling term δ and the magnetization terms mt/b,z, from DFT
calculations we verify δ ≈ mt/b,z. This resonance introduces
an additional symmetry in the system: although time reversal
(TR) is broken, a combination of TR and inversion is still pre-
served ([IT ]) leading to the backscattering protection. On the
other hand, in systems with 5QL backscattering, protection is
due to the suppression of overlap between surface states with
opposite spin chiralities, as seen in Figs. 3 and 4. However, in
the 5QL + 2CrI3(mz ) configuration [Fig. 3(c)] in the region
near the � point, the states acquire a finite Sz component with
the same direction, which in addition to the small (but finite)
overlap between the wave functions, results in the breakdown
of protection against backscattering.

Finally, we emphasize that the effects mentioned above are
more prominent in the low-energy limit, as the state is shifted
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FIG. 7. In-plane magnetization: Scattering probabilities as a
function of EF and deflection angle of the state along the BZ. Each
figure within the same frame refers to a different orientation of the
initial state k1 namely, 0◦, 45◦, and 90◦ with respect to the kx axis.

to higher energies, the effects of the coupling terms cease to be
significant, with the behavior of the pristine topological state
(mainly protection against backscattering), being gradually
reestablished.

IV. CONCLUSIONS

In conclusion, we have demonstrated that the surface states
of a 3D topological insulator can give origin of a rich family

of unconventional spin-orbital texture configurations on the
2D Fermi surfaces when in contact with a 2D ferromag-
netic insulator. Further, we show that such van der Waals
interface provides a simple handler to control over the spin
degree of freedom. By mapping each experimentally achiev-
able texture configuration and estimating the corresponding
scattering rates, we observe that the scattering of states due
to the breaking of time-reversal symmetry is significant only
at low-energy scales (∼10 meV). The expected robustness
of topological states is reestablished at higher energy values,
even in the presence of magnetization.

Additionally, we note that magnetization in the plane of
the ferromagnetic layers induces anisotropy in transport phe-
nomena and efficient switching between the directions of the
magnetic moment and spin orientation. Furthermore, we find
that properties of interest in spintronics can be obtained for
specific interface configurations when finite-sized effects are
present. These include robust protection against backscatter-
ing in the presence of magnetization [3QL + 2CrI3 (mz )] and
a unidirectional spin configuration independent of momentum
near the � point [3QL + 2Cr3 (mx )].

We believe that these results can provide an efficient guide
for manipulating spin-polarized states in topological systems,
aiming to enhance control over emerging surface phenom-
ena. This includes improving spintronic mechanisms directly
related to spin-texture configuration, such as charge/spin
interconversion, spin relaxation-time suppression, and spin-
torque transfer, as well as aiding in the modulation of transport
properties and the development of devices with lower energy
loss. For instance, magnetic-field-effect transistors were pro-
posed in topologically trivial materials [59] where control
over the spin-polarized current is achieved by external ma-
nipulation of a magnetic material. Here, we show that the
anisotropic scattering can be generated and controlled by the
magnetic interfacing system. Such anisotropy dictates that,
for some particular directions, the backscattering protection
is still present, while it can be “turned on/off” in other
directions.
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