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Effects of a magnetic Fe monolayer on the structural and surface electronic properties of Sb2Te3
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In this paper, we investigate the properties of Fe monolayers deposited on the (111) surface of the topological
insulator Sb2Te3 by density functional theory simulations. We consider high-coverage monolayers and assume
ferromagnetic configurations. We show that upon relaxation, the Fe atoms partly penetrate into the surface and
that their magnetic moments are reduced due to the chemical interaction with the Te and Sb atoms of the two
topmost layers. We compute the magnetic anisotropy energies and show that the easy axis is in-plane. We
investigate hexagonal warping effects and find that the clean Sb2Te3(111) displays a large warping term. In spite
of this, the surface-state gap for in-plane magnetization is below 1 meV. For very high coverages corresponding
to three Fe atoms in the unit cell of Sb2Te3(111), no surface Dirac cones are observed except in the case of
a metastable model consisting of a hexagonal Fe monolayer lying on top of the substrate, which also exhibits
an out-of-plane easy axis. Finally, we discuss the relevance of our paper to recent experiments about magnetic
impurities deposited on topological insulators.
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I. INTRODUCTION

Three-dimensional topological insulators (TIs) possess
conducting surface states in the bulk band gap [1–5]. As
a result of time-reversal symmetry and strong spin-orbit
coupling (SOC), these states exhibit spin-momentum lock-
ing [4,5]. Furthermore, the surface states are protected against
time-reversal-invariant perturbations, such as nonmagnetic
impurities. As a result, this type of disorder does not induce
localization of the states at the surface, in contrast to standard
two-dimensional electron gases.

On the other hand, the presence of magnetic disorder (due,
e.g., to magnetic impurities) [6–16] or the proximity to a
magnetic system such as a ferromagnetic insulator [17] destroy
time-reversal symmetry and can lead to novel phenomena such
as the opening of a band gap and an anomalous quantum
Hall effect [4,18]. These effects have received considerable
attention recently [6–21] because of their fundamental interest
and their potential applications in spintronics devices integrat-
ing TIs with magnetic materials. Reference [8] reported that
the deposition of iron atoms on the TI Bi2Se3 opens a gap
at sufficiently high Fe coverages. The claim was based on
angle-resolved photoemission spectroscopy (ARPES) experi-
ments. The authors also observed the formation of multiples
of Dirac fermions. However, more recent (low-temperature
and room-temperature) ARPES measurements did not reveal
any gap up to a coverage of 0.3 monolayer (ML) [9].
Furthermore, Honolka et al. [10] performed x-ray magnetic
circular dichroism (XMCD) experiments and showed that the
easy axis of magnetization of the Fe adatoms is in-plane, and,
for low coverage of 0.01 ML, no magnetic ordering occurs
(at T = 10 K). From these findings, they concluded that such
impurities cannot induce a gap. No gap was observed by
ARPES for Fe on the TI Bi2Te3 at coverage up to one-ML
coverage either [11].

*mazzarello@physik.rwth-aachen.de

More recently, annealing effects were investigated using
various experimental tools, as well as ab initio simulations.
In a combined scanning tunneling microscopy (STM) and
computational study, Schlenk et al. [14] showed that upon
thermal annealing at temperatures up to 370 K, the Fe atoms
deposited on the Bi2Se3(111) surface substitute bismuth in
the subsurface layer. Reference [15] focused on the same
system and showed that Fe atoms occupy both interstitial
sites and (predominantly) substitutional Bi sites. Furthermore,
x-ray absorption spectroscopy experiments indicated that Fe
impurities substitute Bi atoms within the first quintuple layer
already at annealing temperatures of 160 K, whereas high-
temperature annealing (520 K) leads to the formation of the
α-FeSe phase [16].

The energy-momentum dispersion of the surface states of
a TI is usually described by an effective, rotationally invariant
two-dimensional Dirac Hamiltonian, H0 = v(kxσy − kyσx),
where σx and σy denote Pauli matrices. For such a Hamiltonian,
inclusion of a magnetic field B, which couples exclusively
to the spins, can induce a gap only if it has a nonzero
out-of-plane component; however, crystal surfaces lack the
U (1) rotational symmetry. As a consequence, higher-order,
symmetry-breaking corrections to the Dirac Hamiltonian are
needed to describe the properties of the states quantitatively
and sometimes even qualitatively. Fu [21] found that for
surfaces of TIs with C3v symmetry, such as the (111) surface of
Bi2Se3, Bi2Te3, and Sb2Te3, the lowest order correction to H0

that breaks the U (1) symmetry reads HW = λ(k3
+ + k3

−)σz,
where k± = kx ± iky . This term was called a hexagonal
warping term. It was obtained by Fu [21] [together with other
corrections that preserve U (1), including a renormalization
of the velocity vk ≡ v(1 + ak2)] using the k�p expansion
near the �̄ point, under the constraint that time-reversal and
C3v symmetries are preserved. Warping terms in hexagonal
surfaces had already been considered by Henk et al. [22], who
investigated the effects of such terms on the properties of the
Rashba-split L-surface state of Au(111) [23,24]. Fu [21] also
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showed that in the presence of hexagonal warping terms, an
in-plane field B can induce a gap, whose magnitude depends
on its direction (being strictly zero only for a discrete set
of in-plane directions) and is proportional to B3. Thus, it is
of great interest to determine whether a ferromagnetic ML
deposited on a TI can lead to a measurable gap for in-plane
easy axis. Henk et al. [25] showed by density functional theory
(DFT) simulations in combination with the coherent potential
approximation that for Mn-doped Bi2Se3(111) models where
the Mn atoms substitute Bi atoms in the uppermost layers,
a very small gap can be opened or closed for in-plane
magnetization as a function of the magnetization’s azimuth.
In Ref. [25], the Bi atoms in the topmost layers were replaced
by effective Bi0.9Mn0.1 atoms. Higher magnetic impurity
concentrations could be expected to induce larger gaps.

In this paper, the focus is on the (111) surface of TI Sb2Te3.
Similar to Bi2Se3, this TI also possesses a simple Dirac cone
surface spectrum at the �̄ point of the surface Brillouin zone.
The strength of the warping term in Sb2Te3(111) is computed
and found to be comparable to that of Bi2Te3(111). Then, the
effects of a ferromagnetic Fe ML deposited on the surface
are investigated in the limit of high Fe coverage of one and
three MLs. Since our main focus is the understanding of
the properties of monolayers obtained by low temperature
deposition without annealing, models where the Fe atoms
substitute the Sb cations are not considered; instead, the
Fe atoms are placed at different adsorption sites on the
surface, and geometry relaxation is performed. The study of
high-coverage magnetic MLs is interesting in several respects:
Besides inducing strong effective exchange fields, which may
have pronounced effects on the TI surface states, they could
also lead to the formation of multiple Dirac points, as reported
in Ref. [8]. Moreover, it is interesting to determine how the easy
axis depends on the coverage and the structure of the Fe ML.

It is found that upon geometry optimization, the Fe atoms
penetrate considerably into the substrate, more than for
Bi2Se3(111) [10], and induce p doping of the surface. For
Fe coverage of one ML, the model exhibits a Dirac-like cone
at the �̄ point corresponding to surface states hybridized with
the Fe d states. Furthermore, additional Fe d bands are present
in the bulk band gap of Sb2Te3. The easy axis turns out to be
in-plane and along a direction for which the warping-induced
gap should be the largest. In spite of the strong warping term,
the surface band gap turns out to be below 1 meV. Also shown
is the fact that higher coverages (three MLs) strongly modify
the structure of the surface by forming a Fe layer in between
the uppermost Te and Sb layers. The band structure around
the �̄ point is also dramatically changed. In particular, no
Dirac cones are observed; instead, two almost dispersionless
bands with predominant Fe d character show up. Interestingly,
a metastable structure consisting of a densely packed Fe ML
lying on top of the surface, which displays an out-of-plane easy
axis inducing a large gap between the surface Dirac cones, is
also found.

II. COMPUTATIONAL METHODS

The simulations are carried out using the plane-wave
package Quantum-Espresso [26]. Scalar-relativistic and fully
relativistic norm-conserving pseudopotentials [27] and the

local density approximation (LDA) are employed [28]. Ge-
ometry optimization using scalar-relativistic pseudopotentials
(which neglect SOC) is performed; subsequently, we include
SOC to investigate the electronic and magnetic properties
of the relaxed structures. The magnetic anisotropy energies
(MAEs) are determined by computing the total energy for
different orientations of the magnetization. Fe coverage of one
and three MLs is considered, corresponding to one and three
Fe atoms for each primitive cell of the Sb2Te3(111) surface.
The Sb2Te3 substrate is simulated with a slab of 30 layers
and a vacuum space of 17 Å between slabs. Thinner slabs
would lead to a large spurious gap due to the hybridization
between the surface states on opposite surfaces [29]. The
Fe ML is put on the top surface of the slab. The Fe atoms
and the Sb and Te atoms of the four topmost layers of the
surface are allowed to relax during structural optimization.
16 × 16 × 1 Monkhorst-Pack meshes [30] are used to perform
the integration over the Brillouin zone. The top surface-
state (respectively, bottom surface-state) band structure is
determined by calculating the sum of the projections of each
Kohn-Sham state onto the atomic orbitals of the Sb and Te
atoms of the topmost (respectively, bottommost) quintuple
layer and by defining as surface states those for which the
sum is larger than 0.4. Analogously, the top surface state-Fe
bands of the models containing the Fe MLs are determined
by including the projections onto the Fe orbitals in the sum
and by using the same threshold value. Further computational
details are provided in the Supplemental Material [31].

III. RESULTS

First, the electronic properties of the clean Sb2Te3(111)
surface are discussed. The Brillouin zone of the surface is
shown in Fig. 1(a). In Figs. 1(b) and 1(c), the band structure of
the slab along the K̄-�̄-M̄ direction of the Brillouin zone and
the surface state band near the �̄ point are shown, respectively.
The Dirac point of the surface states lies at 0.06 eV below the
Fermi energy EF. Our results are in agreement with previous
work [32]. Experimentally, it is found that Sb2Te3 typically
contains two types of defects, Sb vacancies and SbTe antisite
defects, which lead to p doping of Sb2Te3 [33]. As a result,
the Fermi energy is shifted towards the valence band.

The Hamiltonian up to third order in �k reads [21]

H = k2

2m′ + vk(kxσy − kyσx) + λ(k3
+ + k3

−)σz. (1)

Its energy spectrum is

E±(k) = k2

2m′ ±
√

v2
kk

2 + λ2k6cos2(3θ ), (2)

where θ is the azimuth angle of the momentum �k with respect
to �̄-K̄ , which, in our models, is parallel to the x axis. Since the
correction due to the warping term is zero for �k along �̄-M̄ , v is
determined (from now on, the renormalization of the velocity
is neglected) by fitting against the energy dispersion along this
direction. The following is obtained: v = 2.47 (eV Å).

Due to the warping term HW ≡ λ(k3
+ + k3

−)σz, the out-of-
plane component Sz of the spin polarization of the surface
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FIG. 1. (a) The surface Brillouin zone of Sb2Te3(111). (b) Band
structure of Sb2Te3(111) along the K̄-�̄-M̄ directions. (c) Zoomed-in
view of the surface state (red line) around the �̄ point. (d), (e) Planar
averages of the spin polarization density of the surface state at (d) �k
along �̄-K̄ , �k = (0.009,0.017,0.00) Å

−1
(with energy 5.5 meV below

EF), and (e) �k along �̄-M̄ , �k = (0.015,0.008,0.00) Å
−1

(with energy
13.7 meV below EF). The tics in the x axis indicate the positions of
the six quintuple layers of the Sb2Te3 slab.

states is generally nonzero. For a given �k, it reads

Sz = cos (3θ )/
√

cos2(3θ ) + 1/(ka)4, (3)

where a ≡ √
λ/v [21]. Hence, for a fixed k, Sz has a maximum

for �k along �̄-K̄ , it is 0 for �k along �̄-M̄ , and it is periodic
in θ with a periodicity of 2π/3. In the following, the z

axis is assumed to be perpendicular to the Sb2Te3(111)
surface. Planar averages of the x, y, and z component of
the spin polarization density of the upper-cone surface states
at two different momenta �k, one along the �̄-K̄ direction,
�k = (0.009,0.017,0.00) Å

−1
(with energy 5.5 meV below EF),

and a second one along �̄-M̄ , �k = (0.015,0.008,0.00) Å
−1

(with energy 13.7 meV below EF), are shown in Figs. 1(d)
and 1(e). The z component is large for �k along �̄-K̄ , whereas
it is negligible for �k along �̄-M̄ , in agreement with Formula (3)
above. From the component Sz of the first state, Sz = 0.026 μB ,
a, and thus the strength of the warping term λ can be estimated:

a = 8.2 Å and λ = 166.2 eV Å
−3

are obtained, to be compared

with the values a = 10.9 Å and λ = 250 eV Å
−3

obtained for
Bi2Te3 by Fu [21] by fitting the band structure against the
experimental data about the Fermi surface of the surface states.

Next, the effects of a Fe ML on the Sb2Te3 surface are
investigated. For one-ML coverage, four different adsorption
configurations for the Fe atoms are considered, namely the two
hollow sites with respect to the underlying Te atoms, fcc hollow
and hcp hollow, the bridge site, and the site on top of a Te atom
[see Fig. 2(a)]. Upon relaxation, the Fe atoms penetrate partly
into the substrate for all the starting configurations, except for
the on top case. Energetically, the most favorable configuration

FIG. 2. (a) The four different adsorption configurations for the
Fe atoms investigated in this paper are shown. (b) Top and side view
of the most stable model of the one-ML Fe on Sb2Te3(111). Fe, Sb,
and Te atoms are rendered with red, yellow, and green spheres. The
most favorable adsorption site for the Fe atoms is the fcc-hollow site.
Nevertheless, the Fe atoms partly penetrate into the substrate, as the
side view shows.

corresponds to Fe atoms positioned at fcc-hollow sites but
lying in between the topmost Te and Sb layers. The difference
between the z coordinate of the Fe atoms and the Te atoms
above is 1.3 Å, whereas the distance between the Fe atom and
the nearest neighbor Te and Sb atoms is 2.79 Å and 2.52 Å,
respectively. Top and side views of the fcc-hollow structure
are shown in Fig. 2(b). In the second most stable configuration
(with energy 0.70 eV per Fe atom higher than the first one),
Fe atoms are at hcp-hollow sites, at slightly lower height,
0.20 Å, than the Te atoms. In Ref. [10], it was shown by DFT
calculations that in the case of Bi2Se3(111) substrates and
0.25-ML Fe coverage, the Fe atoms also sit at fcc-hollow sites
but penetrate less deeply into the surface.

The SOC is included, and the MAE is computed for the
most stable fcc-hollow configuration. It turns out that the easy
axis is in-plane and along the y axis. As shown in Table I,
this configuration is 0.8 meV (respectively, 3.0 meV) per Fe
atom more stable than the magnetization along x (respectively,
z). Ab initio calculations showed that the easy axis for Fe
atoms on Bi2Se3 at fcc-hollow sites is in-plane as well [10].
Moreover, the MAE extracted from XMCD measurements in
the latter work (corresponding to low coverages, 0.01 ML),
1.9 meV, is comparable to the one obtained here. Note that the

TABLE I. Energetics and surface electronic properties of a Fe
monolayer on Sb2Te3(111) at one-ML coverage. The magnetic
anisotropy energy (�EMAE), the shift of the Dirac point (�k), and
the energy gap (Egap) of the top surface state for different directions
of the Fe magnetization are listed.

Magnetization direction �EMAE (meV) �k (Å
−1

) Egap (meV)

One ML (fcc hollow)

x 0.8 8.5 × 10−4 <0.1
y 0.0 8.2 × 10−4 0.4
z 3.0 0.0 54
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FIG. 3. Band structure of the Fe monolayer on Sb2Te3(111) for (a) the nonmagnetic model, (b) the in-plane magnetization along x and (c)
along y, and (d) out-of-plane magnetization along z. Blue and green lines correspond to states localized on the top surface, including the Fe
atoms, and on the bottom surface, respectively. No D1 Dirac point is observed near EF for magnetization along x and y. The k path for the
magnetizations along x and y is perpendicular to the magnetization direction, whereas it is along K̄-�̄-M̄ in (a) and (d). The two insets are
zoom-in views near the Dirac point of the top D2 surface state, showing a small shift of the Dirac point and, in (c), a tiny energy gap. The D2
state exhibits a large gap of about 54 meV for out-of-plane magnetization, as shown in (d), where the two relevant bands are indicated with
a red arrow. The planar averages of the charge density of the D2 states for the three magnetization directions are shown in the Supplemental
Material (see Figs. S3–S5 [31]).

MAEs depend sensitively on the adsorption site. In the case
of Co adatoms on Bi2Se3, DFT simulations indicate that the
stable fcc-hollow site yields an in-plane easy axis [13], whereas
the metastable hcp-hollow site [13] and on-top site [12] have
out-of-plane axis.

The total magnetization of our model is 1.91 μB , which
is significantly smaller than the one reported in Ref. [10] for
Fe on Bi2Se3 (3.7 μB ). This difference stems from the higher
coordination of the Fe atoms on Sb2Te3: these atoms form
chemical bonds with the three Te atoms above and the three
Sb atoms beneath, which results in strong p-d hybridization,
whereas, in the case of Bi2Se3, Fe are bound only to the Se
atoms in the topmost layer. It is stressed, again, that upon
annealing, the Fe atoms are expected to substitute cation atoms
(Sb or Bi). The magnetic properties of 3d transition metal
atoms at substitutional sites in Bi2Se3, Bi2Te3, and Sb2Te3

have been thoroughly investigated in Refs. [34] and [35],
whereas Refs. [36–40] have focused on substitutional and
interstitial 3d magnetic impurities in a closely related group
of chalcogenides, the GeSbTe compounds.

The presence of a Fe ML in between the topmost Te
and Sb layers is expected to lead to strong modifications in
the band structure. To understand the nature of the relevant
states, it is useful to first analyze the band structure obtained

after performing a nonmagnetic SOC calculation (without
re-optimizing the geometry) [see Fig. 3(a)]. Indeed, new bands
with predominant Fe d character appear in the bulk band gap
of Sb2Te3. In particular, there are two Dirac cones at the �̄

point, corresponding to the surface state hybridized with Fe
states (upper point, D2) and to a state mostly localized on the
Fe atoms (D1) (see Fig. S1 in the Supplemental Material [31]).
More precisely, the D1 state corresponds to a Rashba-split Fe
d band and, thus, does not have a topological nature. This
is confirmed by the fact that switching off the SOC leads
to a spin-degenerate flat Fe d band, as shown in Fig. S2
in the Supplemental Material [31]. The two states exhibit
spin-momentum locking, as well as finite z components of
the spin along �̄-K̄ due to warping effects, as imposed by the
symmetry of the surface. Interestingly, the lower band of the
upper energy state D2 bends considerably far from �̄ so as to
become nearly parallel to the upper band of the lower energy
state D1.

It turns out that switching on of the magnetization
[Figs. 3(b)–3(d)] markedly affects the band structure near
the Fermi energy. In particular, no D1 state is observed for
magnetization along x and y. As already stressed, this state
has mostly Fe-d character, and, thus, exchange interactions
are so strong that they destroy the Dirac nature of the state.
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On the other hand, the main changes in the dispersion of the
Dirac-like cone associated with the top surface state D2 (as
compared to the bottom surface state, whose dispersion is
obviously unaffected by the presence of the Fe ML) can be
understood as due to the effective magnetic field originating
from the exchange interactions with the Fe electrons, as
discussed in the following. Note that the top surface state
band D2 does not merge with the bulk states but lies in the
bulk gap along the full K̄-�̄-M̄ path, although its orbital
character becomes prevalently Fe d-like far from the �̄ point.
The full band structures and the planar averages of the charge
and spin polarization densities of the surface and Fe d-like
states at selected k points are presented in Figs. S3–S8 in the
Supplemental Material [31].

The band dispersion of the top surface state D2 and
the size of the gap for Fe spin polarization along different
high-symmetry directions is determined: The corresponding
plots are shown in Figs. 3(b)–3(d). In the case of magnetization
along x and y, a k path (around �̄) perpendicular to the
direction of the polarization is considered, whereas for out-of-
plane magnetization, the band structure along a small portion
of the K̄-�̄-M̄ path centered at �̄ is shown. If one assumes
that the surface states obey the Hamiltonian H0, then the
presence of a constant in-plane magnetic field �B|| does not
induce a gap but only a shift of the Dirac point along the
direction perpendicular to the field, �k∗ ≡ g ẑ × �B||/v, where
g is the effective electronic g factor. Due to warping effects,
however, the magnetic field also opens a gap at the shifted
Dirac point, which depends on the direction of the field as
follows:

�E = 2(gB||)3 sin(3ϕ)
a2

v2
, (4)

where ϕ is the angle between �B|| and �̄-K̄ [21]. If a magnetic
film is deposited on a surface of a TI with C3v symmetry, the
exchange interactions induce an effective magnetic field acting
on the surface electrons and, thus, may open a gap, even for
in-plane magnetization.

When the spin polarization is along x, no gap is observed
but only a small shift of the Dirac point along the y direction,
as shown in the corresponding band structure in Fig. 3(a) (see
also Table I). Furthermore, the Fe atoms induce p doping of
the surface, as a result of which the cones are shifted to higher
energies, slightly above EF, as compared to the Dirac point of
the bottom surface. The band structure for Fe magnetization
along y is shown in Fig. 3(b). Formula (4) predicts that the gap
due to warping effects should reach its maximum value for this
magnetization direction. Nevertheless, the gap turns out to be
below 1 meV. Therefore, the gap is not significantly larger than
the one determined in Ref. [25] for Mn-doped Bi2Se3(111)
models, in spite of the larger coverage. Such small gaps may be
detectable only at very low temperatures. A shift of the cones
along the x direction is also observed. A magnetization parallel
to the z axis instead results in a large gap of about 54 meV
[see Fig. 3(d) and Fig. S5 (in the Supplemental Material [31]),
which shows the charge-density planar averages of the relevant
surface states]. The Fe atoms shift the top surface state band
upwards, irrespective of the direction of the magnetization;
hence, Fe atoms act as acceptors. In the case of Fe on Bi2Se3,

there are conflicting experimental data about the doping effects
of Fe atoms [9,10].

The properties of the surface for very high Fe coverages of
three MLs are also studied, and the effects on the surface band
structure are determined. Different starting adsorption sites for
the three Fe atoms on the Sb2Te3 primitive cell are considered,
and the geometry of the system is fully relaxed. The lowest
energy configuration consists of three Fe atoms sandwiched
between the topmost Te and Sb layers (model 1) [see Fig. 4(a)].
The three atoms sit at the hcp-hollow site, fcc-hollow site,
and beneath the topmost Te atom, respectively. The resulting
structure has the same C3v symmetry as the clean surface.
Due to the intercalated Fe layer, the distance between the Te
and Sb layer increases considerably. The total magnetization
of the system is 5.39 μB . Similar to the one-ML case, the
easy axis is in-plane and parallel to the �̄-M̄ direction. The
corresponding band structure around the �̄ point is shown in
Fig. 4(b), whereas the band structure obtained after performing
a nonmagnetic SOC calculation (for the same geometry) is in
Fig. 4(c). The latter displays two weakly dispersive bands
near �̄, at energies 0.04–0.08 eV above the Fermi level. The
two bands are practically doubly degenerate in the momentum
range shown and correspond to states mostly localized within
the Fe ML. No Dirac-like (top) surface state is found in the bulk
band gap. The magnetic band structure in Fig. 4(b) suggests
that the in-plane magnetization along �̄-M̄ strongly affects
the two bands and lifts the quasidegeneracy. Since this model
does not possess Dirac-like surface bands, the properties of
the states near the Fermi level are not further discussed here
[the analysis is carried out in the Supplemental Material [31]
(see Figs. S10–S12)].

Finally, a configuration in which the three Fe atoms form a
high-density hexagonal ML lying above the surface [model
2, see Fig. 4(d)] is also considered. In this structure, the
nearest-neighbor Fe-Fe distance ranges between 2.48 and
2.54 Å (close to the value in the bulk Fe phase), while the
average distance between the Fe and Te layer is 2.45 Å. The
point group symmetry is C3v . It is stressed that this structure
corresponds to a local minimum of the potential energy and,
thus, does not relax spontaneously into model 1, although its
energy per primitive cell is 3.00 eV higher. It turns out that for
model 2, the easy axis is out-of-plane. It is useful to compare
nonmagnetic and magnetic band structures for this model
as well [Figs. 4(e) and 4(f)]. Interestingly, the nonmagnetic
structure also shows two Dirac cones, which correspond to
the topological surface state strongly hybridized with the Fe
orbitals [denoted D1 in Fig. 4(f)] and to a Rashba-split state
localized mostly on the Fe ML (D2). The nature of the two
states has been inferred from the charge density plots shown
in Figs. S13 and S14 in the Supplemental Material [31].
Both states exhibit spin-momentum locking. Similar to the
one-ML model, the upper band of the lower energy state (state
D1) becomes nearly degenerate with the lower band of the
upper energy state (state D2) far from �̄. Switching on of
the out-of-plane magnetization induces huge gaps at �̄ of the
order of 0.8 eV (larger than the bulk band gap) for both states.
Therefore, this would be an ideal configuration to investigate
magnetic field induced effects on Sb2Te3. Nevertheless, it is
probably very challenging to grow or deposit such metastable
structure experimentally, even at very low temperature, due
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FIG. 4. (a) Top and side view of the most stable model of three-ML Fe on Sb2Te3(111) (denoted as model 1 in the main text). (b) Band
structure of model 1 for in-plane magnetization along y (easy axis). The k path is perpendicular to the magnetization direction. (c) Nonmagnetic
band structure of model 1. (d) Top and side view of a metastable model of the three-ML Fe on Sb2Te3(111), wherein the Fe atoms form a
layer lying above the Sb2Te3 surface (model 2). (e) Band structure of model 2 for out-of-plane magnetization along z (easy axis). The k path is
along the K̄-�̄-M̄ direction. (f) Nonmagnetic band structure of model 2. The planar averages of the charge and spin polarization density of the
electronic states corresponding to the two Dirac cones are shown in the Supplemental Material (see Figs. S13–S15 [31]) for the nonmagnetic
case and for magnetization along z.

to the propensity of the Fe adatoms to partially penetrate
into the surface. Further information about the electronic
structure of this configuration is provided in the Supplemental
Material [31] (see Figs. S13–S17).

IV. DISCUSSION AND CONCLUSIONS

In this paper, the effects of a Fe ML on the surface
states of Sb2Te3(111) have been investigated by first-principles
simulations. It has been shown that the strength of the warping
term in the clean Sb2Te3(111) surface is quite large. Then, the
structural properties of Fe adatoms with high coverage (one
ML) deposited on this surface have been studied. It is found
that (1) the Fe atoms penetrate into the surface and form a
layer lying beneath the topmost Te layer, (2) the easy axis
of magnetization is in-plane along the y direction, and (3)
the surface is p doped. In spite of the large warping effects,
the in-plane magnetization does not open a sizable gap in
the surface state band structure. Two structures with coverage
equal to three MLs have also been considered. In the first stable
structure, the Fe atoms are sandwiched between the topmost
Te and Sb layer, and the easy axis is also along the y direction.
In the second metastable structure, the Fe atoms form a ML
on top of the uppermost Te layer, and the easy axis is out of
plane. As a result, the magnetization induces a very large gap

on the surface-state Dirac cone. If realized experimentally, the
latter configuration could serve as a model system to study the
effects of magnetic perturbations on the surface states of TIs.
In this respect, it would be interesting to determine whether
magnetic impurities exist that do not penetrate into the Sb2Te3

(or Bi2Se3) substrate during low-temperature deposition so
that they can form stable MLs on top of the surface and possibly
exhibit out-of-plane easy axis.

In our paper, ferromagnetic interactions between the Fe
atoms have been assumed. In Ref. [41], it was shown that the
Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling between
two magnetic impurities mediated by the surface state elec-
trons of a TI is ferromagnetic if the Fermi energy is located suf-
ficiently close to the Dirac point so that the Fermi wavelength
is larger than the distance between the impurities. However, the
actual exchange coupling between Fe atoms in Sb2Te3 is more
complicated. Recent work based on a first-principles Green’s
function approach has focused on the exchange parameters
between 3d magnetic impurities at substitutional sites in bulk
Bi2Se3, Bi2Te3, and Sb2Te3 [35]. It has been found that the
Fe- and Co-doped bulk phases of the three compounds are
antiferromagnetic due to superexchange, whereas doping with
Ti, V, Cr, and Mn leads to ferromagnetic configurations stabi-
lized by double exchange and/or free-carrier-mediated indirect
exchange [35]. Very recent experiments have indeed con-
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FIG. 5. The total DOS and the PDOS onto the Fe d orbitals for
the one Fe ML fcc-hollow model (a) with and (b) without SOC and
for the three-ML (c) model 1 and (d) model 2 (both of them without
SOC).

firmed that Cr-doped (Sb,Bi)2Te3 displays carrier-mediated
ferromagnetism [42]. In Ref. [39], Fe-doped Ge2Sb2Te5 was
also found to be antiferromagnetic using a DFT Green’s
function method. However, for Fe atoms substituting Bi in
the topmost Bi layer of the Bi2Se3(111) surface, the nearest-
neighbor exchange coupling constant turns out to be positive
(i.e., ferromagnetic), whereas the next- and next-next-nearest-
neighbor parameters are negative [16]. The three constants
are of comparable magnitude, of the order of 1–2 meV. As
a result, the Fe atoms should form a noncollinear magnetic
structure [16].

The latter work is the most relevant to our one-ML model,
in which, however, Fe atoms sit at interstitial sites at the very
surface instead of substitutional ones. The total density of
states (DOS) and the projected DOS (PDOS) onto the Fe d

orbitals for this model, obtained including SOC, are shown in
Fig. 5(a). The PDOS without SOC are also computed, which
enables one to resolve the DOS into majority (assumed to be
up) and minority (down) spin contributions [see Fig. 5(b)]. This
approximation is justified by the fact that SOC typically affects
the strength of the exchange constants weakly. The PDOS indi-
cate that the majority-spin d band is mostly occupied and that
there is a large exchange splitting. Further investigations are

required to assess whether antiferromagnetic superexchange
prevails over the other exchange mechanisms and whether
noncollinear configurations could be stable. In view of the
results of Ref. [34], it is expected that interstitial Ti, V, and
Cr one-ML models on Sb2Te3(111) should be ferromagnetic.
Moreover, they should exhibit similar geometries and SOC-
induced anisotropies as the Fe models considered here. The
PDOS of the three-ML models are shown in Figs. 5(c) and 5(d).
For these systems, itinerant magnetism should also come into
play, probably stabilizing the ferromagnetic phase.

In Ref. [10], no experimental evidence for magnetic
ordering of Fe impurities on Bi2Se3 was found at temperatures
down to T = 10 K, in spite of the large anisotropies. This
may be due to the low coverages investigated, resulting
in very low transition temperatures. In fact, in Ref. [16],
the critical temperature Tc for the onset of (noncollinear)
magnetism in Bi1.9Fe0.1Se3 (where Fe substitutes Bi only
in the subsurface layer) was estimated to be 3.5 K [16].
Tc will obviously increase for increasing Fe concentration.
Similar Tc are expected for interstitial Fe MLs with similar
Fe concentrations. In Refs. [9] and [11], high coverages were
considered; in these works, the absence of a surface-state gap,
inferred from the ARPES experiments, may have been due to
an in-plane magnetic configuration or a noncollinear structure.

Finally, note that according to Ye et al. [43], the
Dzyaloshinskii-Moriya interaction (DMI) [44,45] is of the
same magnitude as the conventional RKKY interaction for
magnetic impurities at the surface of a TI. The DMI has
been shown to yield complex noncollinear configurations
in magnetic MLs [46] and magnetic atomic chains [47,48]
deposited on metal substrates. For strong TIs with a single
Dirac cone such as Sb2Te3, these interactions could lead to a
single-handed spin helix if the Fe impurities are aligned into a
chain [43].
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