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Heterostructures made from topological and magnetic insulators promise to form excellent plat-
forms for new electronic and spintronic functionalities mediated by interfacial effects. We report
the results of a first-principles density functional theory study of the geometric, electronic structure,
and magnetic properties of EuS(111)/BisSes interface, including van der Waals and relativistic spin-
orbit effects. In contrast to previous theoretical studies, we find no appreciable magnetic anisotropy
in such a heterostructure. We also do not see additional induced magnetization at the interface or
the magnetic proximity effect on the topological states. This is due to the localized nature of Eu
moments, and because of a partial charge transfer of ~0.5 electron from Eu to Se. The formation of
the surface dipole shifts the Dirac cone about 0.4 eV below the chemical potential, and the associ-
ated electrostatic screening moves the topological state from the first to the second quintuple layer
Of B12 Seg.
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I. INTRODUCTION

Topological insulators (TIs) are a class of materials
with unique quantum-mechanical properties that could
have a significant impact on next-generation spintronic
and quantum information devices. [IH6] They are insu-
lating in the bulk, while their surfaces support metallic
two-dimensional states. [, 8] These surface states, char-
acterized by a massless Dirac dispersion, are topologi-
cally protected by time-reversal symmetry. Their spin is
locked in the direction perpendicular to the momentum,
and, for a high-symmetry surface orientation, are in the
plane of the interface.

When the time-reversal symmetry is broken following
the application of an external or exchange magnetic field
normal to the surface, the surface states become mas-
sive, [9] and the resulting gapped topological band struc-
ture supports, e.g., a quantum anomalous Hall (QAH)
effect. [2, 10, 1]

The most studied TI materials are members of the
sesqui-chalcogenides family, e.g., BisTes, SboTes, and
BiySes, where bismuth selenide has the largest measured
bulk band gap of ~0.30 eV. [I2] Imposing an exchange
field on the surface states has been pursued either by
doping or substituting cations in the bulk TIs with mag-
netic dopants, such as Fe, Mn, and Cr atoms. [I3] [14]
In addition, to preserve the structural integrity of Tls,
the concentration of dopants, e.g., Mn atoms, should not
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exceed 7.5%. [I3] However, controlling the diffusion of
these elements, as well as the magnetic order, remains a
challenge.

The alternative approach to impose an exchange field
is to interface TIs with a structurally matching magneti-
cally ordered material. Europium sulfide (EuS) emerged
as a strong candidate for such interfaces due to its large
ordered moment and band gap, as well as a good match
along the (111) direction of its rock salt lattice to the
lattice constant of BisSes. However, so far both avail-
able experimental results and published theoretical pre-
dictions for such interfaces have failed to establish a con-
sensus on the viability of these heterostructures for the
realization of QAH and related phenomena.

The key issues are whether the Eu spins tilt from the
bulk direction parallel to the interface to enable the open-
ing of the gap in the surface TI state, whether there is
a strong enough hybridization between EuS and BisSes
wave function to ensure magnetic proximity effect, and
whether the topological states remain near the chemical
potential once the interface is formed. There is evidence
for the in-plane components of the magnetic polariza-
tion, [IBHIT] at least in thin film geometries. However,
while early results suggested significant proximity cou-
pling to the surface states, [I7] subsequent measurements
indicated that the magnetic field penetration can be ei-
ther comparable to that in a non-topological material [I§]
or absent altogether. [I9, 20] Raman measurements [21]
showed charge transfer at the interface, consistent with
ab initio density functional theory (DFT) based calcu-
lations for a fixed out-of-plane orientation of Eu mo-
ments. [22] The magnetic anisotropy, however, was found
to be strongly strain-dependent in another theoretical
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study, [23] which predicted strong hybridization between
EuS and BisSes surface states, in contrast to Ref. 24
which found almost no such hybridization and suggested
that non-topological surface states due to band bending
are at play. Therefore currently there is no comprehen-
sive theoretical picture for the physics of EuS-BisSes in-
terfaces.

In this paper, we present a first-principles DFT based
investigation of the structural, energetic, electronic, and
magnetic properties of such an interface. We consider a
periodic (bulk) EuS(111)/BisSes heterostructure. Using
a non-local exchange-correlation functional, we develop
a simple method to model a magneto-composite mate-
rial from two crystals, EuS(111) and 7 quintuple layers
(QLs) BizSez. We do not find any magnetocrystalline
anisotropy, in stark contrast to the results obtained in
previous theoretical studies which considered a TIT inter-
faced with a thin film. Additionally, we show that after
growing EuS on top of TI, the intrinsic electronic struc-
ture of 7 QLs BisSes is preserved and the Dirac cone is
downshifted of ~0.4 eV from the Fermi level. This is due
to a partial charge transfer between Eu and Se atoms
(0.51 electron), which creates a dipole moment at the
interface. The analysis of the electronic band structure
reveals that the topological surface state remains gap-
less, and we do not find an induced magnetic moment on
the TT side. We therefore find no substantial magnetic
proximity effect on the TI surface states. We discuss the
implications of our findings in the search for a suitable
material for QAH effect and topological magnetoelectric
effects.

II. MAGNETIC PROXIMITY EFFECT IN
TOPOLOGICAL HETEROSTRUCTURES

EuS material has a rock-salt (NaCl)-type crystal struc-
ture with a ferromagnetic (FM) ordered state at low tem-
perature (Touwrie = 17 K), and its electronic structure
exhibits a band gap of 1.65 eV. [27H29] EuS films grow
in a (111) orientation with a hexagonal structure that
matches well the lattice constant of the (111) surface of
BisSes, with the experimental lattice mismatch of 1.86%.

The deposition of EuS(111) film on BisSes has been
extensively studied experimentally as well as theoreti-
cally, in an effort to tune the electronic structure and
magneto-transport of the TT. [I5HIS| 20H24), B0] Wei et
al. were the first to measure magneto-transport, ob-
serve the QAH effect, and claim the emergence of an FM
state in TIL. [I5] They concluded that, for an EuS(111)
film thickness ranging from 1 to 10 nm, the heterostruc-
ture has an in-plane magnetic moment, and even argued
for an increased total moment of Eu near the interface
compared to the bulk. More recently, three experimen-
tal studies seemed to confirm the presence of both in-
plane and out-of-plane magnetic moments close to the
interface, presumably due to a strong spin-orbit cou-
pling (SOC) interaction on the TI side. [I6HIS] It was

even suggested that the FM order in heterostructures
persists up to room temperature. [I7] However, this ef-
fect was comparable for heterostructures of EuS with
BisSes and titanium, [I8] questioning the exact connec-
tion to the topological properties. In parallel, Oster-
haudt et al. performed a series of Raman measurements
on EuS(111)/BisSes heterostructures, [21] and found evi-
dence for a charge transfer between EuS and BisSes crys-
tals, involving a shift of the Fermi level. In contrast to
earlier experiments, two recent studies, one directly mea-
suring X-ray magnetic circular dichroism (XMCD), [19]
and another, using the high-resolution surface structure
X-ray measurements as an input into ab initio calcula-
tions, [20] found no evidence of induced magnetization
in the TI. The latter calculation, somewhat surprisingly,
found a large induced moment of sulfur near the inter-
face.

On the theoretical side, Lee et al. used DFT, with a
PBE+U scheme and with magnetic moments fixed nor-
mal to the interface, to study the electronic structures of
3 and 5 QLs thick BizSes on top of a EuS(111) film. [22]
Despite using an unconventional geometry optimization
method, relaxing only four atomic layers instead of five
in the first QL BisSes, these authors estimate a partial
charge transfer from EuS to the TI slab of ~0.5 elec-
tron. This implies a downshift of the Dirac point from the
Fermi level with a value of 0.25 eV. A similar mechanism
has already been observed in doped-graphene. [31] [32]
Moreover, the authors of Ref. 22] noticed that the in-
duced magnetic moment in the TT is very small, as can
be expected from the localized f-electrons at the heart
of Eu magnetic moments, and the penetration of the TI
surface states in the EuS is minimal. In addition to the
downshift, the Dirac cone next to the interface became
gapped, while, for thick enough films, the Dirac state at
the opposite film surface remained gapless.

In contrast, Eremeev et al. [24] B0] argued that, after
performing a very similar calculation, there is a negligible
magnetic contribution to the gap in the surface states.
They also observed a shift of the topological state away
from the first QL, and attributed the observed magnetic
proximity effect to interdiffusion of Eu in the first QL of
the TT.

To improve the DFT-based description, Kim et al.
considered [23] the van der Waals (vdW) correction us-
ing DFT-D3 exchange-correlation functional. [33] They
found an increased magnetic anisotropy in the films rela-
tive to the bulk and strong dependence of the anisotropy
on the lattice parameters. For the optimized lattice,
they showed that the most favorable state is obtained
when the magnetization of the EuS film is out-of-plane
(0F = 0.65 meV/Eu atom). The magnetic proximity
effect in their interpretation was due to significant pene-
tration of the TT surface states into the EuS layers.

The short literature overview above indicates the con-
flicting experimental and theoretical results regarding
the very existence of the magnetic proximity effect in
the EuS/TT heterostructures. Controversy surrounds not
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FIG. 1. Calculated electronic band structure of bulk (a) EuS(111) and (b) BisSes crystals using PBE+U (with Uy = 10 eV and
Jr =1 eV) and DFT-D2 functionals, [25] respectively. The left inset shows the first Brillouin zone of a hexagonal lattice. [26]
The Fermi level is at zero energy. An indirect electronic band gap, Fs = 1.58 eV, is obtained for EuS(111), while for BisSes,
E; = 0.27 eV. Zoom-in electronic band structure of BisSes crystal, (c¢) from 1.3 to 1.6 eV and (d) from -0.5 to 0.5 eV in the

vicinity of the I'-point.

only the origin of the energy shift and gapping of the
surface states, but also the magnetic anisotropy and the
orientation of Eu moments near the interface, as well
as mutual interpenetration of the TI surface states and
those of the magnetic insulator, and the magnitude of
the induced moment.

To address this problem comprehensively and consis-
tently, we start here a bulk interface between EuS and
BisSes, before moving to the thin film geometry. We re-
port a detailed analysis of the electronic and magnetic
properties of such interfaces, as detailed below.

III. COMPUTATIONAL DETAILS AND
METHODS

We performed first-principles calculations based on
DFT. The structural, electronic, and magnetic proper-
ties of all structures were obtained using the Vienna Ab
Initio Simulation Package (VASP). [34H37] We used pro-
jector augmented wave (PAW) pseudopotentials, [38] for
Eu (5s,5p,4f,6s), S (3s,3p), Bi (6s,6p), and Se (4s,4p).
To account for strong correlation in Eu-f states, we em-
ployed GGA+U method of Dudarev et al., [39] with
Jy = 1eV and Uy = 10 eV. The particular choice of
these values is explained in the electronic supporting in-
formation (ESI). [40] A plane-wave basis energy cutoff of
520 eV and a Gaussian smearing of 0.01 eV were found
to yield converged total energy and forces. We set the
Kerker mixing parameter to 0.01. We have used PBE
functional [41] including vdW interactions in all our cal-
culations, as they were shown to be important for de-
termining the correct electronic structure of topological
and layered materials. [42H45] We investigated vdW-DF,
vdW-DF2, optPBE-vdW, optB88-vdW, optB86b-vdW,
and SCAN schemes, as well as the semi-empirical DFT-

D2 and DFT-D3 methods of Grimme. [25, B3] 4649
We found that DFT-D2 provided the most reliable and
consistent structural, electronic, and magnetic proper-
ties [40] and used it throughout this study. Relativistic
SOC was included in all calculations. For slab geome-
tries, required to determine the properties of the surfaces,
we added a vacuum layer of 100 A to avoid interaction
between periodic images along the c-direction.

We followed a full geometry relaxation (atoms and the
cell are relaxed) to a force cutoff of 1073 eV.A~! and per-
formed self-consistent calculations until the total energy
converges to 1076 eV. For k-point sampling we employed
a D-centered (11 x 11 x 11) grid for all bulk calculations,
and a I'-centered (11 x 11 x 1) grid for slab calculations
and the interface systems. To quantify the number of
electrons and the local magnetic moment per atom, we
carried out a Bader charge analysis. [50H52]

For the sake of completeness, we have also computed
the topological states of the primitive rhombohedral 5-
atom unit cell of bulk BisSes, using Quantum Espresso
code. [53][54] We used full relativistic PAW pseudopoten-
tials generated by Kresse-Joubert, [41] for Bi (5d, 6s, 6p),
and Se (4s,4p). A plane-wave basis energy cutoff of
520 eV (38.2 Ry) and a Gaussian smearing of 0.01 eV
(7-10=* Ry) were set up. We used PBE functional in-
cluding DFT-D2 scheme and SOC was included. We em-
ployed a I'-centered (11 x 11 x 11) grid. We also calcu-
lated the Zs indices and the surface state spectrum were
performed using WannierTools code. [55] For this pur-
pose, maximally-localized Wannier functions based on
Bi-pd and Se-pd orbitals were generated via the Wan-
nier90 code. [56]



IV. AB INITIO CALCULATIONS OF
HETEROSTRUCTURES

A. Bulk properties

To analyze heterostructures we first need to identify
the theoretical approaches that yield accurate results for
the constituent bulk materials. We performed an exten-
sive analysis of different exchange-correlation functionals
for both materials considered. We summarize our find-
ings here (details are provided in the EST [40]) and com-
pare our results with experimental [27H29, 57, 58] and
other calculated values [59] 60].

For the EuS(111) structure, we carried out DFT+U
calculations to describe the localized f-electrons that
standard DF'T fails to treat accurately. We considered a
set of Uy and J; parameters within the GGA+U scheme
as implemented in the VASP code, where Uy represents
the screened on-site Coulomb interaction, while J is the
exchange interaction (see Table S1 in the ESI). [40] Us-
ing the PBE functional we obtained the ordered moment
of 6.96 up per Eu atom, essentially independent of the
values of Uy and Jy, while the lattice constants vary rel-
atively weakly, by 0.5%, within the considered range of
these parameters. In contrast, the energy gap varies by
more than a factor of 2, with Uy = 10 eV and Jy =1
eV, yielding the indirect band gap energy of 1.58 eV
(see Fig. [[(a)), close to the experimental value of 1.65
eV. [27H29] For the same parameter values the lattice
constants are overestimated by 0.85% (a = 4.256 A and
c=10.424 A). Comparison of several different exchange-
correlation functionals (vdW-DF, vdW-DF2, optPBE-
vdW, optB88-vdW, optB86b-vdW, DFT-D2, DFT-D3,
and SCAN) confirms that the best agreement with exper-
imental data is obtained for semi-local PBE4U method
(see Table S2 in the ESI). [40] We also find no magnetic
anisotropy in the bulk at optimized structural values.

For the BisSes material, we also compared the results
of a large number of exchange correlation functionals,
paying special attention to those that account for the
vdW interaction between the QLs (see Table S2 in the
ESI). [40] Our findings agree with those of Shirali et
al.. [60], who suggested that the inclusion of empirical
vdW forces in DFT-D2 method provides the best agree-
ment with experiment. For this method, we find lat-
tice constants a = 4.135 A and ¢ = 28.659 A which
differ from the experimental values by —0.2% and 0.1%
respectively. Furthermore, the obtained indirect band
gap energy of 0.27 eV (see Fig. b))is in good agree-
ment with the experimental value of 0.30 eV. [57, 58]
We also find, somewhat surprisingly, that the vdW-DF,
vdW-DF2, optPBE-vdW, optB88-vdW, and optB86b-
vdW significantly overestimate the a and ¢ parameters,
by up to 7.3% (4.447 A) and 36.5% (39.076 A), respec-
tively. These large deviations are only obtained when the
relativistic SOC effects are included. [40] For example, in
the case of optB88-vdW without relativistic effects, the
same values are a = 4.192 A (0.6%) and ¢ = 29.213 A
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FIG. 2. (a) The first Brillouin zone of a rhombohedral lat-
tice. [26] (b) Calculated surface state spectrum from bulk
BizSes rhombohedral unit cell, using DFT-D2 functional and
spin-orbit coupling. [25] The energy region of bulk-projected
and topological surface-projected states are indicated by light
and dark red colors, respectively. The Dirac cone is at zero
energy.

(-1.0%). We cannot judge whether this is an intrinsic
problem or occurs due to subtleties of the implementa-
tion of these relativistic calculations in the VASP code.
To further validate the use of DFT-D2, we calculated
the topological features of the BisSes material. Since this
insulating material has inversion symmetry, the four Z,
topological indices, i.e. vp;(v11ov3), can be computed
as the product of half the parities at each of the high-
symmetry points in the first Brillouin zone (BZ) of a
rhombohedral lattice (see Fig. [[(a)). [61H63] With this
notation, vy = 1 indicates a strong TI, for vy = 0 and any
non-zero v; with ¢ = {1,2,3}, denotes a weak TI, while
a trivial insulator is defined by v; = 0 Vi. We calculated
these indices from the evolution lines of Wannier charge
centers for bulk BiySes (see Fig. S3 in the ESI). [40]
At the I'-point, the evolution lines indicate that the Zo
topological indices are 1;(000). Then, we use the surface
Green’s function formalism to calculate the surface state
spectrum from bulk BisSes. Figure [b) shows that the
surface state is localized in the bulk band gap energy in
the vicinity of the Fermi level (dark red lines). These re-
sults are consistent with data found in the literature, [64]
and the calculated electronic band structures of multi-
QLs BisSes slabs reported in Fig. S2 in the ESI. [40]
They confirm that the use of DFT-D2 scheme does not
alter the strong topological properties of bulk BisSes.

B. EuS(111)/BisSes interface

We are now in the position to describe the interface
between bulk materials. From this point onward each
reference to EuS corresponds to the hexagonal structure
oriented in the (111) direction unless indicated otherwise.
We consider a periodic heterostructure of 7 QLs BisSeg
and 25 atomic layers of EuS, depicted in Fig. a). This
is in contrast to much of earlier work that considered



(a) bulk Bi>Ses interface bulk EuS(111) (e)
P r-~— P— —PY P — Y [1/21/20] plane
[#JA—Q—@JA—Q—‘##—WQ—Q—Q‘
[ o 9 ® © o - o g " 9 ‘
o o o o o < o 4
E (o) ' 1 ' 1
=0 -
2
2 ~
E @ 100 \|
e
s}
—
_20 L L 1 L |
02 I T T
E (© ' ) ¥~ Selenium .
Z Bismuth
s / Sulfur
53 00 ) e
s = [1/2 1/20] plane e
,3_3 B Europium ~ 0.1224
© 1 1
-0.2 L L
% 8 (d) T T . Pe T T
Eg ’é\ 6 . Europium 0.0612
)
3 E 4
= m
% 2 2F
b= 0 I t 0.0
0 50 100

c-direction (A)

FIG. 3. (a) Side view of EuS(111)/ 7 quintuple layers BiaSes heterostructure with agug(111) = 4.256 A and out-of-plane
magnetization. Eu, S, Bi, and Se atoms are represented in pink, yellow, purple, and green, respectively. The blue shaded
part represents the interface zone. (b) Calculated local potential, (c) charge transfer per unit cell area, and (d) local magnetic
moment as a function of the c-direction. (e) Charge density transfer at the interface. Yellow represents positive electronic
densities which accept electrons and cyan represents negative densities which donate electrons. (f) Two-dimensional charge
density transfer at the interface, projected onto the (1/21/20) plane.

interface slab models with a vacuum region. As with all
periodic structures, there are two topological interfaces,
and our choice of material thickness ensures that they do
not significantly interact electrostatically, and that the
topological interface states are not hybridized, see below.

Our results above showed that the PBE+U (U; = 10
eV and J; =1 eV) and the non-local DFT-D2 function-
als are the best options to describe the properties of EuS
and BisSes crystals, respectively. Therefore at the inter-
face one would expect the need for a tailored DFT-D2
functional to change the potential smoothly, by gradu-
ally varying the values of the vdW dispersion coefficients
of each atom in the first QL BisSe;. We compared this
result to that obtained using the standard non-local func-
tional, and found no sudden change in potential at the
interface for both calculations. Therefore, we did not
tailor the functional for the results shown in this study.
The resulting potentials are plotted in Fig. [3(b), and dis-
cussed below.

To analyse the magnetic properties of an interface, we
considered four configurations. We set the in-plane lat-
tice constants equal to the bulk EuS ones, agug(111) =
4.256 A (lattice mismatch dpug(111) = 2.93%), with (i)

out-of-plane and (ii) in-plane magnetization, and that
optimizing bulk BiySes, api,se; = 4.135 A (dpiyse, =
—2.84%), again with (iii) out-of-plane and (iv) in-plane
magnetization.

For a set of fixed in-plane lattice constants we still need
to determine the optimal distance between the two ma-
terials at the interface. In a computational simulation,
the optimized interfacial region thickness is calculated by
tuning the length of the structure in the c-direction, nor-
mal to the interface. For several unit cell volumes, we de-
termine the minimum ground state energy and the inter-
layer distance between both materials. We allow the first
QL in the TI slab and six atomic layers in the EuS slab
closest to the interface (blue shaded in Fig. [3)) to relax
while the rest of the atoms are fixed. Due to the period-
icity, we carefully checked that the Eu-Se bond lengths,
at both interfaces, are identical. The ground state en-
ergy as a function of the length c is then fit with a third
degree polynomial, as shown in Fig. S4 in the ESI. [40]
Finally, from the fitted function, we extracted the out-of-
plane lattice parameter that minimizes the ground state
energy of each system (red square) and calculated their
optimized parameters, which are summarized in Table [[}
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FIG. 4. Calculated electronic band structure of (a) EuS(111)/
7 quintuple layers (QLs) BizSes and (b) BizSes slab with 7
QLs. The Fermi level is at zero energy. The non-topological
Rashba interface state below the chemical potential, the topo-
logical interface state, and the quasi-linear high energy state
are in red, blue, and orange, respectively.

For agys(111), the Eu-Se bond length turns out to be
similar to the experimental value for bulk EuSe rock-salt
structure (a = 3.095 A), [27] while it tends to be slightly
underestimated by ~0.02 A for (Bi,Ses-

Next, the magnetic anisotropy energy can be di-
rectly obtained by calculating the difference in ground
state energy between in-plane and out-of-plane magne-
tizations. We did not find any significant magnetic
anisotropy (§F = 0.1 meV, same order of magnitude than
Ref. [23]) for either in-plane lattice constant (agug(i11)
and api,se, ), indicating that both magnetic structures
can coexist at zero temperature. Therefore the magnetic
structure realized in a specific experiment may depend on
the details of the synthesis, thereby potentially explain-
ing the different results obtained in experiments. [T6HIS]

Further insight is gained by analyzing the local poten-

TABLE 1. Eu-Se bond length (A), ground state energy per
atom (eV), and local magnetic moment (up/Eu atom), ob-
tained for two in-plane lattice constants (aEuS(lll) =4.256 A
and aBiyse; = 4.135 A) and two spin orientations (in-plane
and out-of-plane). Spin-orbit coupling is included.

Configuration (a,b) Spin Eu-Se Energy mspin
6) EuS(111) out-of-planc 3.091 -6.5076 6.99
(ii EuS(111) in-plane  3.090 -6.5976 6.99
(iii) BisSes out-of-plane 3.072 -6.5959 6.99
(iv) BixSez  in-plane 3.071 -6.5960 6.99

tial as a function of atomic position along the c-direction,
shown for configuration (i) in Fig. [3[(b), where the blue
shaded area indicates the interface region that has been
relaxed in the calculation. Approximately 10 A away
from the interface, the potentials of EuS and BiySes al-
ready converge to the bulk value: absence of drift in the
height of the peaks throughout the white region, where
the atomic positions are held fixed, indicates no sensitiv-
ity to the interface region. The deviations from this be-
havior are constrained to the immediate vicinity of the in-
terface, and we attribute it to charge redistribution across
the region where the two material systems interact. We
show the plane-averaged charge density difference along
the c-direction in Fig. [3|(c). The presence of the interface
induces a partial charge transfer of ~0.51 electron from
Eu to Se atoms. This charge transfer leads to a dipole
moment, which can be seen by projecting the result onto
the (1/21/20) plane (see Figs. [3(e) and [3{f)). Finally,
the local magnetic moments of each atom are also pre-
sented in Fig. [3(d). As may be expected, the spins of
all Eu atoms remain close to 7 up, since the partially
filled 4f orbitals, where the moment originates, are lo-
cated ~2 eV below the Fermi level. As a consequence,
these electrons are insensitive to the weak perturbations
of the potential. Moreover, due to the lack of hybridiza-
tion between Eu and Bi states, no induced magnetiza-
tion within the first QL BiySes is found. This finding is
in contrast to the results obtained in previous theoret-
ical studies, [22] 24] but it is in agreement with recent
experimental measurements. [19]

To confirm our findings, we investigated a heterostruc-
ture where 6 layers of EuS were stacked on top of a 5
QLs BisSes slab where the S atoms at the EuS surface
are passivated with hydrogen atoms. We also included
a vacuum region of 50 A. The results are described in
detail in Fig. S6 in the ESI. [40] We found a partial
charge transfer of ~0.52 electron from Eu to Se atoms,
and the magnetic moments of all Eu atoms remain close
to 7 up. These results are almost identical to those ob-
tained for the periodic heterostructure, and this compar-
ison strongly confirms the conclusion that the interfacial
properties of EuS/BisSes are extremely localized, and are
almost insensitive to EuS film thickness.

C. Electronic structure at the interface

So far, we have established that the presence of an
interface does not induce magnetic anisotropy and that
the essential physics is governed by the charge transfer.
We will now study the consequences of the electrostatic
effects on the electronic structure of EuS/BiySes het-
erostructure (Fig. [d{(a)). For comparison, we also show
the band structure of 7 QLs BiSes slab in Fig. [f|(b), as
it allows us to provide a connection between the surface
and the interface states. This comparison is based on the
atom- and orbital-projected band structure at the inter-
face of EuS/BisSes, displayed in Fig. 5| As seen in that
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FIG. 5. Atom-projected band structure at the interface of (a) EuS(111)/ 7 quintuple layers BisSes onto (b) Eu-d, (c¢) S-p, (d)
Bi-p, and (e) Se-p orbitals. The size of the filled circles are proportional to the weight projected onto the orbitals. The Fermi
level is at zero energy. The blue shaded part represents the interface zone.

Figure, Eu-d- and S-p-derived bands (around 1.5 eV at
the T-point) do not hybridize with Bi-p and Se-p states
in the vicinity of the Fermi level. As a result, the intrin-
sic electronic structure of BiySes surface is preserved in
the heterostructure. However, the energy is shifted due
to the charge redistribution. It is noteworthy that this is
a consequence of the insulating nature of EuS, and the
same features are not observed when TIs are interfaced
with doped substrates or metallic ferromagnets. [65H67]

Fig. [4fa) shows that the EuS/BisSes interface exhibits
a metallic behavior. This metallicity is due to the Bi-
and Se- electrons. This can be seen directly by inspect-
ing Figs. [f(d) and [F|e) where the corresponding bands
are found to cross the chemical potential nearly halfway
between K and I' points in the BZ. Consequently, we will
now focus on the vicinity of the I'-point to identify the
distinguishing features of the heterostructure inherited
from BisSes.

Our study will focus on three states highlighted us-
ing different colors in Fig. 4 the topological state (blue
bands), linear crossing above the chemical potential (or-
ange bands), and the Rashba-split pair of states below
the Fermi energy (red bands). Near the I'-point, the
topological interface state in the EuS/BisSes heterostruc-
ture is downshifted by ~0.4 eV compared to its posi-
tion near the chemical potential in the BisSes slab, due
to the interfacial charge transfer. Since there is no in-
duced magnetization within the first QL of BisSes, see

Fig. d)7 this degenerate Dirac cone remains gapless and
essentially intact. The induced dipole moment does not
affect the cone’s properties, except by renormalizing the
Dirac velocity from the computed value of 5.07 x 10°m/s
for the slab of BisSes (in agreement with Ref. [42] which
employed the same methods, and with the experimental
results) to a smaller vp ~ 2.73 x 10°m/s at the interface.

We note that the surface state is sensitive to the num-
ber of TI layers. For instance, Lee et al. reported that
gaps of 80 and 10 meV at the I'-point arise in this topo-
logical state when EuS is interfaced with 3 and 5 QLs
BisSes, respectively. [22] In the present case, 7 QLs rep-
resent a threshold for the closing of this gap which we
believe to be in part driven by the hybridization at op-
posite surfaces. As discussed below, we find that the
topological states move deeper into the BisSes layer as
a consequence of the charge redistribution, and therefore
the hybridization gap is more pronounced for the het-
erostructures than for BisSez surfaces.

We also track two other notable features of the elec-
tronic band structure of BisSes slab. First, a linear cross-
ing point appears at the same high-symmetry point in
the first BZ, but ~1.5 eV above the Fermi energy (orange
bands), as already noted in Refs.[68 and [69. These states
are absent in the bulk BiySes, as seen in Fig. [I[c). In
the heterostructure, these surface states are downshifted
~0.5 eV, and lose their linear dispersion as they become
sandwiched between the conduction bands (Fig. . Sec-
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FIG. 6. Electronic band structure and band-decomposed charge density distributions at the I-point of EuS/BisSes and 7
quintuple layers BisSes for (a) non-topological Rashba interface states below the chemical potential (red lines), (b) topological
interface states (blue lines), and (c) quasi-linear high energy states (orange lines). The Fermi level is at zero energy.

ond, an interface state that is Rashba-split due to the
combined effect of SOC interactions and asymmetry of
the crystal potential (red lines in Fig. [4]) is visible at
the T-point, ~0.80 eV below the Fermi level in BipSes
slab. [70] This state is also downshifted by ~0.30 eV in
the EuS-BisSes heterostructure, and the Rashba splitting
is increased, resulting in quasi-linear crossing. Therefore
our analysis suggests a consistent downshift in energy of
the main interface states, while preserving their essential
properties.

Intriguingly, while all three states that we focused on
reside in the surface QL of a BisSes slab, they respond
differently to the formation of the interface. Fig. [f]shows
the electronic density of these states for such a slab com-
pared to the interface. The Rashba state remains mostly
localized in the topmost QL, which is consistent with the
greater splitting observed in our results. On the other
hand, due to charge screening, both the high-energy state
and the topological interface state are pushed towards the
second QL (and possibly even further away from the in-
terface for the topological state, see Fig. @(b)) This helps
to understand the lack of magnetic proximity coupling
to EuS, as the overlap between the wave function of the
topological state and that of the Eu f-shell electrons is
reduced. Reduction of the overlap between the EuS and
topological states due to the submergence of the latter

into the second QL was invoked to explain the weakness
of magnetic proximity effect. [71] [72] It is also consistent
with the picture where the hybridization between those
states in enhanced for thin TT films, resulting in observ-
able gaps. However, we emphasize that according to our
results, these hybridization gaps are not caused by the
magnetic proximity coupling to the EuS spins.

Our results above have been presented for the configu-
ration (i) in Table[I] For the sake of comparison, we also
calculated the electronic band structure of EuS/BisSes
by considering configurations (ii), (iii), and (iv). These
results are shown in Fig S5 in the ESI. [40] All four cases
predict the three surface features mentioned above at
the same position. We therefore conclude that neither
the spin orientation nor the choice of one of the materi-
als (EuS or BiySes) as the substrate affect the electronic
properties of EuS/BisSes heterostructure, and our con-
clusions remain robust.

V. DISCUSSION AND CONCLUSIONS

We studied the magnetic and electronic structure prop-
erties of periodic EuS(111)/BisSes heterostructures via
first-principles calculations, including both van der Waals
corrections and relativistic spin-orbit coupling effects. In



contrast to previous theoretical predictions, we found
that this system does not exhibit any significant mag-
netocrystalline anisotropy. The topological surface state
is localized in the second QL from the interface, is gap-
less, and is downshifted ~0.4 eV from the Fermi energy.
These properties results from a partial charge transfer of
0.51 electron from Eu to Se atoms, which creates a dipole
moment at the interface and, as a result, downshifts of
the BisSes-p bands. In addition, since Eu magnetization
emerges from the partially filled 4 f orbitals, which are lo-
cated 2 eV below the Fermi level, there is no substantial
magnetic proximity effect on the electronic properties of
BisSes. These properties are consistent with recent ex-
perimental results. [13] [18]

Our results bring into focus the challenges associated
with achieving a significant proximity coupling between
magnetic materials and topological insulators. We note
that the growth condition may have a significant effect
both on the sharpness of the interface, which affects the
electronic properties, [30] and on the magnetic structure,
due to absence of magnetic anisotropy in our results.
This may explain the variability of experimental results
in the literature. Controlling the growth conditions to re-
alize the most favorable structure for the magnetic prox-
imity effect on the topological interface state is difficult,
but may be a viable pathway for the heterostructures
containing localized magnetic moments.

Another possible path forward is to select, instead of

EuS, magnetic compounds where the electronegativity of
the atoms across the interface is comparable. This would
presumably not lead to such dramatic charge redistribu-
tion and would leave the topological states localized in
the first structural unit, and possibly leak into the mag-
netic material sufficiently to couple to the spin degrees
of freedom. Yet another alternative may be to rely on
magnetism derived from the less localized electrons in d-
shells. In principle, in ultrathin films of BisSes there may
be sufficient repulsion between the topological states at
the opposite sides of the film to enhance the leakage into
the magnetic materials. The flip side of this approach
is, of course, the gap opening due to the hybridization of
these states. All of these possibilities are worth explor-
ing, and our results provide a pathway towards ab initio
modeling of such interfaces.
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