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Topological insulator Bi2Se3(111) surface doped with transition metals: An ab initio investigation
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Based on first-principles calculations, we provide a map of the energetic stability and the electronic behavior
of the topologically protected surface states of the topological insulator (TI), Bi2Se3, doped with transition
metals (TMs), TM/Bi2Se3(111). We find that Fe, Mn, and Cr impurities are energetically more stable at the Bi
substitutional sites, whereas we may find energetically stable substitutional as well as interstitial configurations
for Co and Ni impurity atoms. Through scanning tunneling microscopy simulations, we verify that each TM
atomic species and its position in the Bi2Se3(111) surface can be identified. The substitutional Fe and Cr impurities
exhibit an energetic preference for the out-of-plane net magnetic moment, giving rise to a small energy gap at
the Dirac point (DP), whereas the in-plane magnetic moment of substitutional Mn/Bi2Se3(111) promotes a shift
of the DP from the center of the surface Brillouin zone, opening up a small energy gap. For the substitutional
impurities, the shapes of the metallic bands are somewhat preserved compared with the energy bands of the
pristine Bi2Se3(111) surface. Interstitial Co atoms also present an in-plane net magnetic moment, where we
find the formation of metallic bands, suppressing the presence of the DP. For the Ni/Bi2Se3(111) impurity there
is not a net magnetic moment, and therefore, the DP is preserved. Further formation energy results indicate
other plausible (meta)stable impurity configurations, giving rise to quite different scenarios for the topological
properties of TM/Bi2Se3(111), even for the same TM impurity.
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I. INTRODUCTION

Topological insulators (TIs) have attracted a lot of attention
in condensed matters physics and material science. These
materials exhibit a gap inversion in their bulk phase, generated
by a strong spin-orbit coupling, and topologically protected
metallic states at the trivial/topological (interface) contact
region.1 Metallic states have their spin polarization locked in a
plane creating a chiral texture, similar to the quantum spin hall,
which, by destructive interference of the wave function, sup-
presses all kind of backscattering processes. They are protected
against any time-reversal-invariant perturbation, because of the
topological order described by the Z2 invariant.2–6

In 2006, Bernevig et al. proposed a TI phase in the
HgTe/CdTe heterostructure,7 and one year later such a two-
dimensional (2D) TI structure was successfully built up.8 In
these systems, the band gap inversion is ruled by the width of
the HgTe quantum well. Further investigations have pointed
out that the R3m rhombohedral crystal family, like Bi2Se3

and Bi2Te3, also exhibits such an exotic electronic phase,
the so-called 3D TIs.9,10 The topologically protected metallic
states lie at the trivial/topological contact region, namely, in
these 3D TIs we will have topological surface states (TSSs).
For instance, on the (111) surface of Bi2Se3, the TSS exhibits
a single Dirac cone at the center of the Brillouin zone (�̄
point), while in its bulk phase, Bi2Se3 presents an (inverted)
energy gap of ∼300 meV. Indeed, Bi2Se3 has been considered
a very promising TI material for electronic and spintronic
applications.9–12 Several applications of TIs rely on doping
processes, like the incorporation of magnetic impurities.

Upon the presence of an external magnetic field, the
time-reversal symmetry (TRS) has been removed, opening
an energy gap at the Dirac point (DP) and giving rise to
massive Dirac fermions. The Kramers degeneracy is no longer
valid, and backscattering processes become allowed. Magnetic

impurities embedded in 3D TIs surface will play the same
role as the external magnetic field. The interaction between
the magnetic impurities and the TI (host) surface is an
important issue to be addressed, since the local hybridization
between the impurity atom and the host surface will rule
the electronic structure of the TSSs. Great effort has been
made in this direction: for instance, (i) scanning tunneling
microscopy (STM) images13–16 and core-level spectroscopy
results17 have been used to identify the geometry of the
impurity atoms near the TI surface region; and meanwhile,
(ii) the electronic structure of the TSS has been characterized
through angle-resolved photoemission spectroscopy (ARPES)
experiments. However, we find a number of contradictory
results for both i and ii. For instance, an energy gap at the DP
has been verified for Fe and Mn magnetic impurities,16,18–20

while in Refs. 17 and 21 the authors state that the DP has been
preserved for magnetic impurities such as Gd and Fe in TI
Bi2Se3(111) surfaces. However, in Refs. 13, 14, 16, 22, and 23,
we find quite controversial results regarding the equilibrium
configurations of impurity atoms in TIs.

A previous theoretical study, based on effective Hamil-
tonian models,24 indicates that the lifting of the �̄-point
degeneracy is due to the net magnetization perpendicular to
the surface (out of plane). Further first-principles calculations,
mostly based on the density functional theory (DFT), support
the presence of an energy gap at the DP, as well as the
suppression of the TRS, mediated by the presence of an
out-of-plane magnetic moment induced by the impurities lying
on the TI surface.25–29 On the other hand, there are theoretical
studies, based on the same calculation approach, indicating an
in-plane magnetization merely shifting the Dirac cone from
the center of the Brillouin zone.30,31

In this work we have performed a systematic investigation
of Bi2Se3(111) TI doped with transition metals (TMs),
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TM/Bi2Se3(111). Through ab initio total energy calculation
we present a detailed map of the energetic stability of TMs
embedded in Bi2Se3(111). Changes in the surface electronic
charge density were examined through STM simulations and
compared with the (available) experimental STM pictures. Our
electronic structure calculations reveal that, indeed, the TSSs
present a strong dependence on the configuration (hybridiza-
tion) of the TMs in Bi2Se3(111). For the energetically more
likely substitutional TM/Bi2Se3(111) systems (TM = Fe, Mn,
and Cr), the TSSs are weakly perturbed due to the presence
of the magnetic impurity. For Fe and Cr, there is a small
energy gap for the out-of-plane net magnetic moment, while
the DP is shifted from the center of the Brillouin zone due
to the in-plane net magnetic moment (TM = Mn). For both
scenarios, the TRS was broken. We have also examined the
interstitial and surface adsorbed configurations. The former
configuration is quite likely for Co and Ni impurities. In this
case, there is an energy gap for interstitial Co impurities,
while for Ni impurities we find zero net magnetic moment,
preserving the DP and the TRS. Aiming to provide a more
complete picture of TM/Bi2Se3(111), we have examined not
only the energetically most stable TM/Bi2Se3(111) systems,
but also the ones proposed in previous studies as well as those
with lower formation energies.

II. METHOD

The calculations were performed within the DFT,32,33

by using the pseudopotential method, with projected aug-
mented wave potentials,34,35 to describe electron-ion inter-
actions. The exchange-correlation functional was calculated
within the Perdew-Burke-Ernzenhof generalized gradient
approximation,36 as implemented in the Vienna Ab Initio
Simulation Package.37 The Kohn-Sham orbitals are expanded
in a plane-wave basis set with an energy cutoff of 270 eV.
The Brillouin zone was sampled by a � center scheme, by
using a number of k points up to 2 × 2 × 1 including the �̄

point, such that the total energy was converged. Bi2Se3 has a
rhombohedral crystal structure, where the five atoms forming
the unit cell belong to three inequivalent quintuple layers. In
this work we have used a supercell with a hexagonal lattice
structure in order to simulate the Bi2Se3(111) surface. A slab
method was used with a vacuum layer of at least 20 Å to
avoid interaction between adjacent surfaces. Our unit cell has
four quintuple layers, in order to describe properly the surface
massless Dirac cone,38 and a 3 × 3 surface periodicity which
corresponds to a TM doping of around 10%. The topmost four
layers including the impurity (TM) atom are allowed to relax,
until the atomic forces are smaller than 10 meV/Å.

The TM/Bi2Se3(111) formation energy was calculated
according to39

EF = E[TM/Bi2Se3(111)] − E[Bi2Se3(111)]

+ nμBi/Se − μTM,

where E[TM/Bi2Se3(111)] and E[Bi2Se3(111)] are the total
energies of the slab with and without the TM impurity,
respectively, and n can be either 1 for substitutional or 0 for
interstitial/adsorbed TM configurations. μBi/Se and μTM are
the total energy per atom of the respective bulk phase, μbulk

Bi/Se

and μbulk
TM . The accuracy of our calculated chemical potentials

was verified through the calculation of the cohesive energies
of the respective bulk (elemental) phases40 and compared
with previous works.41,42 Since we are considering μBi =
μmax

Bi = μbulk
Bi (μSe = μmax

Se = μbulk
Se ), the formation energies

for the substitutional impurities were obtained under the
Bi-rich (Se-rich) condition, whereas for the Bi-poor (Se-
poor) condition we have μBi = μmin

Bi = μbulk
Bi − �HBi2Se3/2

(μSe = μmin
Se = μbulk

Se − �HBi2Se3/3). Our calculated formation
enthalpy, �HBi2Se3 = 1.37 eV, is very close to the recent
experimental measurement, 1.50 eV.43 STM calculations,
based on the Tersoff-Hamann scheme,44 were obtained at a
constant height mode, at about 2 Å (1 Å) from the topmost
atom for all doped (pristine) cases. We used the R-G-B (red-
green-blue) gradient of color, where dark blue represents the
absence of charge and the saturation color varies in each system
in order to see the subtle variations of the local charge density.
The electronic band structures were analyzed following the
procedure proposed by Park et al.,45 by considering a critical
percentage of 10% for the (single-particle) wave function
projected onto the topmost two monolayers of the Bi2Se3(111)
slab.

III. RESULTS AND COMMENTS

A. Pristine Bi2Se3(111)

Figure 1 presents the structural model of the pristine Se-
terminated Bi2Se3(111) surface. At the equilibrium geometry
we verify that (i) there is no surface reconstruction, namely, the
surface exhibits a (1 × 1) periodicity, while (ii) the topmost Se
(Bi) atom exhibits a vertical inward (outward) displacement
of 0.15 (0.03) Å. In this case, the topmost Bi-Se bonds are
compressed by 0.10 Å (2.97 → 2.87 Å). Our simulated STM
images show the formation of bright spots lying on the topmost
Se atoms [Fig. 2(a)], confirming the (1 × 1) surface periodicity
and in accordance with previous experimental and theoretical
findings.46,47

TIs in contact with nontopological (trivial) insulators pro-
mote the formation of topologically protected metallic states
in the (trivial/topological) interface region.1 In particular, for
the Bi2Se3(111)–(1 × 1) surface we will have topologically
protected metallic states for wave vectors parallel to the
(111) surface plane, so-called TSSs. Figure 2(b) presents the

FIG. 1. (Color online) Structural model of the pristine Bi2Se3

system. In the top view we use different colors as a guide for the
eye, where light green, dark green, black, violet, and red represent,
respectively, the first Se, second Se, third Se, first Bi, and second Bi
monolayers, respectively. QL, quintuple layer.
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FIG. 2. (Color online) Key electronic properties of the pristine
Bi2Se3 surface: (a) STM images for the occupied (top) and empty
(bottom) states, (b) electronic band structure along the K̄�̄M̄
direction, and (c) spin-projected density of states, Pα(E), along
the �̄–K̄ (top) and �̄–M̄ (bottom) directions. In (b), solid (black)
lines indicate the contribution of the whole Bi2Se3(111) slab, and
(red) circles indicate the electronic contributions of the topmost two
MLs. Those contributions were selected by considering a critical
percentage (larger than 10%) for the single-particle wave functions
of the topmost two MLs. Inset in (b): Schematic of the helical spin
texture for occupied states near the Fermi level.

electronic band structure of the Bi2Se3(111)–(1 × 1) surface,
where we verify the formation of a Dirac-like cone located at
the �̄ point. Since the space inversion symmetry is broken
at the surface, the TSSs are (spin) split by the spin-orbit
interaction, Rashba-Bychkov effect.48 Meanwhile the TRS
has been preserved, E(k, ↑) = E(−k, ↓). In accordance
with the maintenance of the TRS and the Rashba-Bychkov
band splitting of the surface states, spin polarization vectors
(〈S〉) of opposite momentum (k) should have opposite signs,
〈Sn(k)〉 = −〈Sn(−k)〉, for a given energy band n, with 〈S〉
perpendicularly locked to the surface wave vector k.49 That
is, TSS will present a helical spin texture.11 Here, the spin-
polarization vector can be written in terms of its Cartesian
components, 〈Sn,α(k)〉 = (h̄/2)〈ϕn(k)|σα|ϕn(k)〉 (α = x,y,z),
σα represents the Pauli matrices, and ϕn(k) is the single-
particle Kohn-Sham eigenfunction. Figure 2(c) presents the
calculated energy-resolved spin-projected density of states
(SPDOS), where for each Cartesian component of 〈S〉, the
SPDOS is defined as Pα(E) = ∑

n,k〈Sn,α(k)〉δ(E − En(k)). In

agreement with the helical spin texture, near the Fermi level,
in Fig. 2(c) we find that (i) for wave vectors parallel to the �̄–K̄
direction we have Px(E) = 0, and (ii) Py(E) = 0 for k along
the �̄–M̄ direction. On the other hand, near the Dirac point,
(iii) for k parallel to �̄–K̄, Py(E) presents negative (positive)
values for occupied (empty) states, whereas (iv) along the �̄–M̄
direction, Px(E) is positive (negative) for occupied (empty)
states. In addition, the formation of a helical spin texture for
〈Sn,x〉 and 〈Sn,y〉 composed of surface states resonant within
the Bi2Se3 bulk valence band is noteworthy. Finally, there is an
out-of-plane component (Pz(E)) for wave vector k parallel to
the �̄–K̄ direction, while it vanishes along the �̄–M̄ direction.
The inset in Fig. 2(b) presents a schematic of the helical spin
texture, described above, for the occupied electronic states
near the Fermi level.

B. Structural properties of TM/Bi2Se3(111)

Now that the structural and electronic properties of the
Bi2Se3(111) surface have been benchmarked with previous
experimental11,50 and theoretical38 results, let us start our
investigation of Bi2Se3(111) incorporated by TMs. Here we
have examined the following TMs: Cr, Mn, Fe, Co, and Ni
embedded in the Bi2Se3(111) surface. As depicted in Fig. 3,
we have considered a number of plausible (substitutional, in-
terstitial, and adsorbed) configurations of TMs within the first
quintuple layer of the surface. The most likely configurations
were inferred based on the calculation of the formation energy
(EF ) as described in Sec. II. Our results of EF are summarized
in Table I.

Several studies have been done addressing magnetic im-
purities in TIs. Among these (currently) iron, followed by
manganese, in Bi2Se3(111), have been the most studied.
However, the experimental as well as the theoretical findings
are far from being consensual. We start with iron impurities.

Iron-doped Bi2Se3(111), Fe/Bi2Se3(111), exhibits an ener-
getic preference for the substitutional Bi-sub configuration
(FeBi), EF = 1.05 eV under the Bi-rich condition (μBi =
μmax

Bi ), whereas under the Bi-poor condition (μBi = μmin
Bi )

the formation of FeBi becomes more likely, where we ob-
tained EF = 0.37 eV. The substitutional FeBi atom is sixfold

FIG. 3. (Color online) Structural models for the TM/Bi2Se3(111)
surface: (a) Bi-ads, (b) Se-ads, (c) Bi-int,(d) Se-int, (e) Bi-sub. (f) and
Se-sub.
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TABLE I. Formation energies (in eV) of substitutional (sub;
under the Bi-rich condition), interstitial (int), and adsorbed (ads) TM
impurities in Bi2Se3(111).

Configuration Cr Mn Fe Co Ni

Bi-sub − 0.10 0.04 1.05 1.69 1.33
Se-sub 3.34 2.96 3.58 3.44 2.33
Bi-int 1.14 0.46 1.17 1.14 0.63
Se-int 2.09 0.88 1.40 1.43 0.85
Bi-ads 1.36 0.74 1.28 1.30 0.75
Se-ads 2.49 0.87 1.40 1.35 0.68

coordinated, forming three Fe-Se bonds with the topmost Se
atoms and another three Fe-Se bonds with the third-layer Se
atoms, as depicted in Figs. 4(a) and 4(b). The equilibrium
geometries of the Bi-sub impurities are summarized in
Table II. There is a local octahedral geometry around the
impurity atom. At the equilibrium geometry, we find Fe-
Se bond lengths (dFeSe) of 2.54 and 2.82 Å, respectively.
The formation of FeBi is in good agreement with recent
studies of TMs in Bi2Se3

23,51 and Fe-doped Bi2Te3(111).52

The interstitial Bi-int configuration [Figs. 4(c) and 4(d)] is
the second most likely structure with EF = 1.17 eV. The
interstitial Fe atom becomes sevenfold coordinated, forming
three Fe-Se bonds, with dFeSe = 2.40 Å (d3), three Fe-Bi bonds
(d2 = 3.26 Å), and a Fe-Bi bond parallel to the [111] direction.
In this case, the host Bi atom (of the second ML) exhibits an
upward displacement of 0.89 Å perpendicularly to the surface
plane, giving rise to a (Fe-Bi)split-like structure with dFeBi =
2.40 Å, indicated as d1 in Fig. 4(d). The vertical distance

FIG. 4. (Color online) Structural model for the substitutional Bi-
sub configuration side view (a) and top view (b), interstitial Bi-int
side view (c), (d), and Se-int side view (e), (f).

TABLE II. Equilibrium geometry of the substitutional TM, Bi-sub
configuration, detailed in Fig. 4. Atomic distances (d and h) are in Å,
and bond angles (α) are in degrees.

TM d1 d2 α1 α2 α3 h

Pristine 2.87 3.10 92.32 91.80 83.76 1.59
Fe 2.54 2.82 90.90 91.41 86.19 1.44
Mn 2.60 2.70 86.57 91.78 89.82 1.59
Cr 2.54 2.65 86.17 91.54 90.66 1.56
Co 2.49 2.84 92.08 91.03 85.69 1.39
Ni 2.50 2.61 85.36 91.51 91.47 1.55

h reduces from 1.59 Å [pristine Bi2Se3(111)] to 0.92 Å.
The equilibrium geometries of interstitial TM/Bi2Se3(111)
structures are detailed in Figs. 4(c)–4(f) and summarized in
Table III.

Very recently, two different (metastable) geometries have
been considered as good candidates for the Fe adsorbed
Bi2Se3(111) surface, namely, Bi-ads and Se-ads, detailed in
Figs. 5(a)–5(d), respectively. However, even for these two
possible configurations, there are no conclusive results in the
literature; viz., in Ref. 30 the authors obtained a slight energetic
preference (by 70 meV) for Se-ads. In contrast, Li et al.,25

using a calculation approach similar to that used in Ref. 30,
obtained an energetic preference of 75 meV for the Bi-ads
structure. The latter result is in qualitative agreement with our
findings, i.e., Bi-ads is more likely than Se-ads by 120 meV
(see Table I). Further core-level spectroscopy studies provide a
comprehensive picture for Fe adatoms on Bi2Se3(111).17 The
authors proposed two different environments, as a function of
the deposition temperature, for Fe impurities in Bi2Se3(111).
They find a Bi-5d core-level shift attributed to the chemical
interaction between Fe adatoms and the Bi2Se3(111) surface,
such a Bi-5d energy shift being more intense when the Fe
impurities are deposited at room temperature, whereas such an
energy shift decreases by around 20% for Fe deposition at low
temperatures. The presence of different environments can be
identified by the formation of Fe-Bi and Fe-Se chemical bonds.
Our results indicate the presence of both Fe-Bi and Fe-Se
bonds for the Bi-ads and Bi-int configurations. In the latter

TABLE III. Equilibrium geometry of the interstitial TM, Bi-
sub, and Se-int configurations, detailed in Figs. 4(c)–4(f). Atomic
distances (d and h) are in Å, and bond angles (α) are in degrees.

TM d1 d2 d3 α1 α2 α3 h

Bi-int
Fe 2.63 3.26 2.40 93.40 79.18 119.65 0.92
Mn 2.82 3.80 2.52 111.30 66.48 107.58 0.10
Cr 2.82 3.61 2.50 105.71 70.49 112.95 0.31
Co 2.57 3.20 2.36 91.72 80.66 119.91 1.04
Ni 2.59 3.03 2.39 87.11 85.73 119.75 1.19

Se-int
Fe 2.24 2.68 3.55 116.30 78.76 93.69 1.72
Mn 2.43 2.88 3.21 107.53 68.65 103.77 1.38
Cr 2.20 2.74 3.73 118.24 82.32 90.64 1.83
Co 2.32 2.71 3.35 112.37 73.61 98.77 1.55
Ni 2.50 2.73 2.55 106.40 67.61 105.34 1.46
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FIG. 5. (Color online) Details of TM adsorbed structures: Bi-ads,
side view (a) and top view (b); and Se-ads, side view (c) and top view
(d).

configuration we can verify that the Fe ↔ Bi interaction
has been strengthened, compared with the former geometry
(Bi-ads). Therefore, we can infer the following scenario for
Fe adatoms on Bi2Se3(111): (i) At low temperatures, the Fe
adatom will lie on the Bi2Se3(111) surface; this is the Bi-ads
geometry. (ii) By increasing the Fe deposition temperature,
allowing Fe segregation into the Bi2Se3surface, we may have
the presence of interstitial Fe atoms (Bi-int). However, for iron
deposition at higher temperatures the formation of (energeti-
cally most stable) substitutional FeBi (Bi-sub) is expected. In
this case, there are no Fe-Bi chemical bonds, namely, the Fe ↔
Bi interaction will be weakened. At the equilibrium geometry,
the Fe adatom lies nearly at the same plane as the topmost
Se atoms, with Fe-Se bond lengths (d1) of 2.41 and 2.43 Å
for the Bi-ads and Se-ads geometries, respectively, where
the adsorbed geometries present a c3v symmetry (Fig. 5). In
Table IV we summarize the equilibrium geometry of Bi-ads
and Se-ads configurations.

TABLE IV. Equilibrium geometry of the adsorbed TM, Bi-ads,
and Se-ads configurations, detailed in Figs. 5(a)–5(d). Atomic
distances (d and h) are in Å, and bond angles (α) are in degrees.

TM d1 d2 α1 h

Bi-ads
Fe 2.41 2.52 119.57 0.28
Mn 2.48 2.68 118.79 0.27
Cr 2.53 2.87 109.25 0.85
Co 2.37 2.46 119.95 0.06
Ni 2.35 2.42 119.98 0.03

Se-ads
Fe 2.43 2.84 119.40 −0.19
Mn 2.44 3.12 119.46 0.18
Cr 2.39 2.91 118.48 −0.29
Co 2.37 2.87 119.57 −0.16
Ni 2.38 2.82 119.42 −0.18

FIG. 6. (Color online) Simulated STM images for occupied (a),
(c), (e), (g), (i) and empty (b), (d), (f), (h), (j) states of substitutional
FeBi (a), (b), interstitial Fe Bi-int (c), (d), adsorbed Fe Bi-ads (e), (f),
substitutional MnBi (g), (h), and CrBi (i), (j). Occupied and empty
states are calculated within an energy interval of EF ± 0.3 eV.

Those different geometries for Fe impurities in Bi2Se3(111)
will promote different pictures for the charge density distribu-
tion on the Fe/Bi2Se3(111) surface. In Figs. 6(a) and 6(b)
we present the simulated STM images of Bi-sub within an
energy interval of 0.3 eV with respect to the Fermi level
(EF ± 0.3 eV). Since the FeBi-Se equilibrium bond lengths
are shorter than the Bi-Se bond lengths (∼3 Å), the surface
Se atoms, attached to the FeBi impurity, move downward by
0.28 Å with respect to the other surface Se atoms. Such a
structural modification has been identified in our simulated
STM images. We verify the formation of a triangular spot lying
on the topmost Se atoms above the FeBi substitutional atom.
It is worth noting that for the occupied states [Fig. 6(a)], the
triangular spot is brighter, despite the downward displacement
of the surface Se atoms, thus indicating an increase in the
occupied electronic density of states, within EF − 0.3 eV,
on the (surface) Se atoms neighboring the FeBi impurity. In
contrast, we find a dark triangular region for the STM images
of the empty states [Fig. 6(b)]. Our simulated STM results
compare very well with those obtained for Fe/Bi2Te3(111).52

Further STM simulations show that the Bi-int and Bi-ads
configurations in Fe/Bi2Se3(111) present different pictures for
the surface electronic charge density. For interstitial Fe atoms,

045312-5



ABDALLA, SEIXAS, SCHMIDT, MIWA, AND FAZZIO PHYSICAL REVIEW B 88, 045312 (2013)

Bi-int, we observe a triangular symmetric bright spot on the
three Se surface atoms, with an additional central spot on
the second-layer Bi atom [Figs. 6(c) and 6(d)]. As described
above, in the Bi-int geometry, the interstitial Fe atoms form
a (Fe-Bi)split structure, giving rise to an upward displacement
of the second-layer Bi atom. Finally, in Figs. 6(e) and 6(f) we
present the STM images of Bi-ads geometry for Fe adatoms on
Bi2Se3(111). The presence of Fe adatoms can be identified by
the formation of a central bright spot on the Fe adatom and the
nearest-neighbor surface Se atoms. However, differently from
the previous STM images, here we have asymmetric images
due to the energetically stable in-plane net magnetic moment
(〈S〉), which is discussed in the next section.

Our formation energy results (Table I) show that
Mn/Bi2Se3(111) and Cr/Bi2Se3(111) systems present similar
behavior compared with Fe/Bi2Se3(111). For both TMs, Bi-
sub exhibits the lowest formation energy, followed by Bi-int.
Recent experimental results, based on STM images, indicate
the formation of substitutional MnBi below the topmost Se
atoms of Bi2Se3(111),16,20 as well as in Bi2Te3(111).31 There
are no Mn-Bi chemical bonds for the Bi-sub geometry. In this
case, the MnBi atom forms six Mn-Se bonds, with dMnSe values
of 2.60 and 2.70 Å, with the top-layer and third-layer Se atoms,
respectively, indicated as d1 and d2 in Figs. 4(a) and 4(b). Since
Mn-Se bonds are shorter than Bi-Se bonds, the three topmost
Se atoms (attached to the substitutional MnBi) move downward
by 0.31 Å. Such a local structural modification can be detected
through STM simulations. Figures 6(g) and 6(h) present our
STM pictures within an energy interval of EF ± 0.3 eV. We
find a triangular spot lying on the topmost Se atoms bonded to
the MnBi impurity, for both occupied and empty states. Here,
differently from FeBi atoms in Fe/Bi2Se3(111) [Figs. 6(a) and
6(b)], the triangular spot is dimmed compared with the rest
of the surface Se atoms. In Cr/Bi2Se3(111), the formation of
Bi-sub CrBi, below the topmost Se atoms, is an exothermic
process, EF = −0.10 eV, even under the Bi-rich condition.
Indeed, in Ref. 51 the authors also obtained a negative value of
EF for CrBi in bulk Bi2Se3, while the formation of substitional
CrBi in Bi2Se3(111) has been verified in recent experimental
investigations.22,23 As reported in Table I, the other substi-
tutional (CrSe), interstitial, and adsorbed configurations are
quite unlikely compared with Bi-sub. Thus, we can infer a
high concentration of substitutional CrBi in Cr/Bi2Se3(111).
At the equilibrium geometry, we find three Cr-Se bonds with
the topmost Se atoms (d1 = 2.54 Å) and three Cr-Se bonds
with the third-layer Se atoms (d2 = 2.65 Å). Similarly to FeBi

and MnBi, there is (somewhat) a local octahedral symmetry
around the CrBi atom. The surface Se atoms, bonded to CrBi,
moves downward by 0.35 Å. In Figs. 6(i) and 6(j), through
STM simulations, we map the changes in the surface electronic
charge density due to the presence of CrBi on the Bi2Se3(111)
surface. For occupied states, we find a dimmed triangular spot
on the surface Se atoms above the CrBi impurity [Figs. 6(i)],
similar to MnBi. For empty states, the Se atoms of the triangular
spot become brighter compared with the other Se surface atoms
[Figs. 6(j)]. This STM pattern is opposite to that observed for
FeBi impurity.

Finally, we examine the Co/Bi2Se3(111) and
Ni/Bi2Se3(111) systems. As indicated in Table I, the
formation of substitutional (Bi-sub) impurities is quite

unlikely in a Bi-rich environment (μBi = μmax
Bi ). We find an

EF of 1.69 and 1.33 V for CoBi and NiBi, respectively. On the
other hand, at the Bi-poor limit (μBi = μmin

Bi ), the formation
of CoBi becomes energetically favorable, EF = 1.00 eV,
followed by Bi-int (EF = 1.14 eV). Similarly for NiBi, its
formation energy decreases to 0.65 eV for μBi = μmin

Bi . In this
case, the Bi-sub and Bi-int configurations exhibit practically
the same formation energy, 0.65 and 0.63 eV, respectively.
The equilibrium geometries of the substitutional CoBi and
NiBi atoms are somewhat similar to those verified for the other
substitutional impurities in Bi2Se3(111). The CoBi (NiBi)
atom becomes sixfold coordinated with the nearest-neighbor
Se atoms, with CoBi-Se (NiBi-Se) bond lengths of 2.49 (2.54)
and 2.84 (2.65) Å, with the topmost and third-layer Se atoms,
respectively, indicated as d1 and d2 in Figs. 4(a) and 4(b). The
topmost Se atoms, attached to the CoBi (NiBi) impurities, move
downward by 0.32 (0.41) Å compared with the other surface
Se atoms. The presence of substitutional Bi-sub impurity
atoms can be identified through the formation of triangular
spots on the topmost Se atoms. CoBi substitutional impurities
give rise to bright (dimmed) triangular spots for the occupied
(empty) states within EF − 0.3 (EF + 0.3) eV [Figs. 7(a)
and 7(b)]. However, for the NiBi system, the topmost Se
atoms bonded to the NiBi impurity exhibit a reduction in the
electronic density of states within EF − 0.3 eV, giving rise to
a dimmed triangular [Fig. 7(c)], while for empty states within
EF + 0.3 eV, these Se atoms are characterized by bright
triangular spots [Fig. 7(d)].

The formation energies of substitutional (Bi-sub) and
interstitial (Bi-int) configurations, for Co and Ni impurities, are
comparable only under the Bi-poor condition (μBi = μmin

Bi ).
Meanwhile, near the stoichiometric condition, here defined
as μ̄Bi = (μmax

Bi + μmin
Bi )/2, the formation energy of CoBi and

NiBi increases to 1.35 and 0.99 eV, respectively. That is, for
μBi = μ̄Bi, the energetic preference for the Bi-int configuration
will be strengthened. The interstitial Co atoms [Figs. 4(c) and
4(d)], similarly to the interstitial Fe atoms, become sevenfold
coordinated, with three Co-Se chemical bonds (d3 = 2.36 Å)
with the third-layer Se atoms, three Co-Bi chemical bonds
with the Bi atoms of the fourth layer (d2 = 3.20 Å), and a
Co-Bi bond perpendicular to the surface, forming a (Co-Bi)split

structure with d1 = 2.57 Å. In this case, there is an upward
displacement of the second ML Bi atom by 0.74 Å, and the
top-layer Se atoms are also displaced vertically by 0.21 Å.
Those structural changes on the top-layer surface atoms are
identified in our STM images [Figs. 7(e) and 7(f)]. We
find three bright spots, for both occupied and unoccupied
states, lying on the surface Se atoms above the interstitial
Co site. It is noteworthy that there is a slight asymmetry in
the STM picture for the occupied states [Figs. 7(e)], which
is related to the in-plane orientation of the net magnetic
moment 〈S〉. Interstitial Ni atoms present a similar equilibrium
geometry compared with interstitial Co atoms; viz., three Ni-Se
(Ni-Bi) chemical bonds with d3 = 2.39 Å (d2 = 3.03 Å)
and the formation of a (Ni-Bi)split structure (d1 = 2.59 Å),
promoting an upward displacement of the topmost Se atoms.
These structural changes are visible in the STM images for
occupied states, EF − 0.3 eV [Fig. 7(g)], while for empty
states (EF + 0.3 eV), we are not able to identify the presence
of interstitial Ni atoms [Fig. 7(h)]. For Ni impurities, the
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FIG. 7. (Color online) Simulated STM images for occupied (a),
(c), (e), (f), (i) and empty (b), (d), (f), (h), (j) states of substitutional
CoBi (a), (b), NiBi (c), (d), interstitial Bi-int Co (e), (f), Ni (g), (h), and
Se-int Ni (i), (j) impurities in Bi2Se3(111). Occupied and empty states
are calculated within the energy interval of EF ± 0.3 eV. Remember
that for Se substitutinal sites, the figure is shifted from the origin.

Bi-int and Se-ads geometries are very close in energy (within
50 meV) but present quite different STM patterns, as shown
in Figs. 7(g)–7(j). Thus, we can infer the presence of Ni
adatoms on the Bi2Se3(111) surface (Se-ads), followed by
their segregation toward the Bi-int interstitial sites. Similarly
for the Co impurities, where the Bi-ads configuration is the
second most stable geometry for Co/Bi2Se3(111). That is,
we may find Co adatoms on the Bi2Se3(111) surface. Very
recently, the formation of Co/Bi2Se3(111) with Co adatoms
sitting on the topmost Se atoms has been proposed.53 However,
our formation energy results indicate that such a configuration
is quite unlikely. We obtained a formation energy of 3.53 eV,
far higher than that of other configurations (see Table I), with
the Co adatom lying at 2.26 Å above the topmost Se atom.

C. Topological character of TM/Bi2Se3(111)

In order to verify the changes in the electronic properties
of the Bi2Se3(111) surface in the presence of TM impurities,
we examine the electronic band structure and the (Cartesian)

components of the SPDOS, Pα(E), projected on the two
topmost MLs of TM/Bi2Se3(111) systems. The preferential
orientation of the spin polarization vector was obtained by
comparing the total energies of in-plane (〈Sx〉, 〈Sy〉) and
out-of-plane (〈Sz〉) orientations of 〈S〉. It is noteworthy that,
due to the periodic boundary conditions within our supercell
approach (composed by a single TM per surface unit cell), our
TM/Bi2Se3(111) systems are always ferromagnetic.

The substitutional FeBi-3d orbital gives rise to three (disper-
sionless) unoccupied bands lying at ∼(EF + 0.3) eV, depicted
by (blue) squares in Fig. 8(a). It is noticeable that the lowest
empty FeBi-3d state hybridizes with the topmost Bi2Se3(111)
surface atoms at around EF + 0.25 eV, contributing to the
formation of the Dirac cone. However, below EF + 0.20 eV,
this contribution decreases (<10%), while the two topmost
MLs of the Bi2Se3(111) surface [(red) circles in Fig. 8] rule
the formation of the Dirac cone. We find the small energy
gap of 15 meV at the DP. The SPDOS calculations reveal that
the Fe/Bi2Se3(111) system presents a net spin polarization
out of plane for wave vectors along the �̄–K̄ and �̄–M̄
directions, mainly mediated by the FeBi-3d impurity orbital,
namely, 〈ϕFe(k)|S|ϕFe(k)〉 ≈ 〈Sz〉 [black lines in Fig. 8(c)],
and thus removing the TRS. In addition, as indicated by red
lines in Fig. 8(c), the topmost two MLs of Bi2Se3(111) also
contribute to 〈Sz〉 along the �̄–K̄ and �̄–M̄ directions. On
the other hand, near the Fermi level, the SPDOS values of
the in-plane components (〈Sx〉 and 〈Sy〉) are similar to those
obtained for pristine Bi2Se3(111) [Fig. 2(c)]. In this case, the
FeBi contribution is quite negligible.

For the Bi-int configuration we find a metallic band struc-
ture [Fig. 8(b)], where partially occupied states are composed
by Fe-3d orbitals hybridized with surface Se-4p. The helical
spin texture, as observed for pristine Bi2Se3(111), has been
suppressed due to the net out-of-plane spin polarization of the
Fe impurity along the �̄–K̄ and �̄–M̄ directions [Fig. 8(d)].
Here, similar to the Bi-sub configuration, the TRS has been
suppressed, and there is a downward shift of the surface
conduction band. These findings are in agreement with recent
experimental measurements,18,19 while in Ref. 17 the gapless
Dirac crossing point has been preserved for Fe coverage up
to 0.3 ML. For low coverage of Fe adatoms (0.01 ML),
a gapless DP with Fe adatoms lying on the Se-ads site
has also been observed.30 In this case, the absence of an
energy gap was attributed to an in-plane net spin polarization
of the Fe adatoms. In fact, we find an energetically stable
in-plane spin polarization for Fe adatoms, however, not for
the Se-ads geometry but for the Bi-ads configuration, which is
energetically more stable than Se-ads, by 120 meV (Table I).

Substituional FeBi impurities in Bi2Se3(111) are electron
donors, with ionization state 3+ and a net magnetic moment
(μ) of 5.0 μB , while for the interstitial Bi-int, the second
most stable configuration, we find an ionization state of
between 1+ and 2+ and a μ of around 2.5 μB . The obtained
magnetic moment for FeBi is in nice agreement with the recent
ab initio calculation for substitutional FeBi in Bi2Se3.51 In
Ref. 18 the authors obtained an ionization state of between
2+ and 3+ and a net magnetic moment of around 4 μB .
Based on a similar calculation approach, West et al. obtained
4 μB for substituional FeBi in Bi2Te3(111), while for the
interstitial configuration, Bi-int, they obtained μ = 4.50 μB .52
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FIG. 8. (Color online) Electronic band structure and SPDOS (in
arbitrary units) of Fe/Bi2Se3(111) at the substitutional Bi-sub site (a),
(c), and interstitial Bi-int site (b), (d). Solid (black) lines in the band
structure diagrams (a), (b) indicate the contribution of the whole
Fe/Bi2Se3(111) slab; (red) circles and (blue) squares indicate the
electronic contributions of the topmost two MLs and the Fe impurity,
respectively. These contributions were selected by considering a
critical percentage (>10%) for the single-particle wave functions
of the topmost two MLs and the Fe impurity. The SPDOS (c), (d)
projected onto the Fe impurity is indicated by black lines; in red, we
have the SPDOS projected on the first two MLs of the Bi2Se3(111)
surface, excluding the impurity atom; and in green, the sum of the two.

For Fe-adsorbed Bi2Se3(111), the Se-ads geometry, an in-plane
magnetic moment of 4 μB has been verified,30 while in Ref. 25
the authors obtained an out-of-plane magnetic moment of
μ ≈ 2.9 μB for the Bi-ads configuration.

εpd Δ<

3d

HS

Fe Mn Cr

Ni Co

3d

LS

εpd Δ>

εpd Δ<

εpd Δ>

Ni Co

3d

LS

Fe Mn Cr

(a)

3d

HS

(b)

FIG. 9. Energy levels of the 3d orbitals of substitutional Bi-sub
(a) and interstitial Bi-int (b) TM in Bi2Se3(111). HS, high-spin
configuration; LS, low-spin configuration.

From the findings described above, we can infer that the
chemical interactions between the TM (impurities) and the
Bi2Se3(111) surface (host) play a fundamental role in the
electronic and magnetic properties of TM/Bi2Se3(111). In
order to provide a clear understanding of the environmental
effects on the net magnetic moment of TM impurities, here we
examine the energy level splittings of TM-3d orbitals embed-
ded in Bi2Se3(111). For the substitutional Bi-sub configuration
[Fig. 9(a)], the TM exhibits a local octahedral symmetry,
giving rise to threefold (t) and twofold (e) degenerated orbitals.
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This energy splitting (εpd) is due to the crystal field induced
by the interaction between the (substitutional) TM-3d and the
nearest-neighbor (host) Se-4p orbitals. By turning on the spin
polarization, further energy splitting takes place due to the
exchange field (�). In this case, we may have a high-spin
configuration for εpd < �, [Fig. 9(a), top], while in Fig. 9(a),
bottom, we have the low-spin configuration, εpd > �. Within
this scenario, and based on the calculated net magnetic moment
of 5.0, 4.0, and 3.0 μB for FeBi, MnBi, and CrBi, respectively,
we can conclude that those impurities present a high-spin
configuration. However, for the CoBi and NiBi substitutional
impurities we calculate μ = 0.0 and 1.0 μB , respectively,
thus matching nicely with the low-spin configuration depicted
in Fig. 9(a), bottom. In Table V we summarize our results
on the net magnetic moment and the respective (energeti-

FIG. 10. (Color online) Same as Fig. 8, for substitutional MnBi

(a), (c) and interstitial Mn Bi-int (b), (d).

TABLE V. Magnetic moments (in μB ) and the energetically most
favorable orientations of the net spin polarization, out of plane (↑) or
in plane (→), for TM/Bi2Se3(111).

Configuration Cr Mn Fe Co Ni

Bi-sub 3.0↑ 4.0→ 5.0↑ 0.0× 1.0→
Se-sub 4.0→ 3.0↑ 2.0→ 1.0→ 0.0×
Bi-int 4.0→ 5.0↑ 2.5↑ 1.5→ 0.0×
Se-int 0.5→ 4.0→ 2.0→ 1.5→ 0.0×
Bi-ads 5.0↑ 4.0→ 2.5→ 1.5↑ 0.1→
Se-ads 0.4→ 4.0↑ 2.0↑ 1.3↑ 0.0×

cally) most likely orientation, i.e., in plane (→) or out of
plane (↑).

Similarly to the substitutional FeBi impurities, MnBi and
CrBi impurities also induce a small energy gap at the DP,
4 meV [Fig. 10(a)] and 8 meV [Fig. 11(a)], respectively, and the
magnetic moments are equal to 4.0 and 3.0 μB , respectively.
For both systems, the 3d orbitals of the impurities hybridize
with the surface states that compose the Dirac cone, whereas
far from the center of the Brillouin zone, the impurity states
become flat; namely, the localized character of the impurity
3d orbitals is strengthened near the edge of the Brillouin
zone. Our SPDOS calculations [Figs. 10(c) and 11(b)] confirm
this impurity ↔ surface hybridization. For MnBi/Bi2Se3(111)
there is an energetic preference for the in-plane orientation
(Table V), where the impurity states and the electronic states

FIG. 11. (Color online) Same as Fig. 8, for substitutional CrBi.
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of the two topmost MLs of the Bi2Se3(111) contribute to the net
magnetic moment, 〈ϕ2ML(k)|S|ϕ2ML(k)〉 = 〈Sx〉 in Fig. 10(c),
while the other components of the spin polarization vector,
〈Sy〉 and 〈Sz〉, are suppressed. However, for CrBi/Bi2Se3(111)
we find the out-of-plane 〈Sz〉 configuration to be the ener-
getically more stable [Fig. 11(b)]. The calculated magnetic
moment for CrBi, 3.0 μB out of plane, compares very well
with recent experimental findings22 and theoretical ab initio
calculations.51

The presence of a small energy gap at the DP, around
7 meV, has been experimentally observed for (ferromagnetic)
Mn-doped Bi2Se3(111).19 Further experimental investigations
confirm the formation of an energy gap at the DP, breaking
the TRS, indicating the presence of substitutional MnBi.16

In the latter work, the authors also verified a ferromagnetic
phase for MnBi/Bi2Se3(111), with a net magnetic moment of
∼3.45 μB . However, due to the inhomogeneous distribution of
Mn impurities embedded in the Bi2Se3(111) host (giving rise to
a “spatially dependent magnetic field”), they find both out-of-
plane and in-plane orientations for the net magnetic moment.16

Very recently, a “hedgehog” -like spin texture, breaking
the TRS, has been proposed for Mn/Bi2Se3(111), where
there is a combination of in-plane and out-of-plane magnetic
moments.20 Our results of magnetic moments indeed indicate
that there is a dependence between the (local) configuration of
the Mn impurity and the preferential orientation of its magnetic
moment 〈S〉 (see Table V). That is, for the energetically
most stable configuration, MnBi, 〈S〉 is in plane, while for
the second most stable configuration, interstitial Bi-int (see
Table I), the magnetic moment becomes out of plane, with
μ = 5.0 μB . Figures 10(b) and 10(d) present the electronic
band structure and the SPDOS for the Bi-int configuration for
Mn/Bi2Se3(111). The DP has been suppressed [Fig. 10(b)],
where we find a partially occupied Mn-3d band within
the energy gap of Bi2Se3, and the helical spin texture has
been removed due to the out-of-plane 〈Sz〉 spin component
[Fig. 10(d)]. For the other interstitial geometry, Se-int, the Mn
impurity exhibits an in-plane magnetic moment of 4.0 μB .
The formation energies of Mn adsorbed systems, Bi-ads and
Se-ads, are very close (EF = 0.74 and 0.87 eV, respectively),
and for both configurations we find a net magnetic moment of
4.0 μB , however, it is in plane for Bi-ads and out of plane for
Se-ads. Those findings support the spatial dependence of the
magnetic field in Mn/Bi2Se3(111).16

The local symmetry of the most likely configuration for
Co and Ni in Bi2Se3(111), Bi-int, is different compared with
the substitutional Bi-sub. For the Bi-int configuration the local
symmetry around the impurity atom is close to C3v , where
the orbital splittings, for high-spin and low-spin systems,
are depicted in Figs. 9(b), top and bottom, respectively.
Both impurities present a low-spin configuration (εpd > �)
and magnetic moments of 1.5 and 0.0 μB , for Co and Ni,
respectively.

Upon the presence of interstitial Co atoms (Bi-int)
the Co/Bi2Se3(111) surface becomes metallic [Fig. 12(a)].
Figure 12(c) presents the SPDOS projected onto the Co impu-
rity and the topmost two MLs of the Bi2Se3(111) surface. We
find an energetic preference for an in-plane magnetic moment,
〈Sx〉, along the �̄–M̄ and �̄–K̄ directions, ruled by the Co impu-
rity and the (topmost) surface atoms of Bi2Se3(111). Similarly

FIG. 12. (Color online) Same as Fig. 8, for Co interstitial Bi-int
(a), (c) and Ni/Bi2Se3(111) (b), (d).

to the MnBi/Bi2Se3(111) system, the other components of 〈S〉
are suppressed, as well as the helical spin texture of the system.
The net magnetic moment of the Co impurity also depends on
the local environment within the Bi2Se3 host. For instance, as
reported in Tables I and V, the adsorbed geometries (Bi-ads
and Se-ads) are the second most likely configurations for
Co/Bi2Se3(111), and for these geometries we find an energetic
preference for out-of-plane spin polarization, whereas for the
other interstitial geometry, Se-int, we find an in-plane magnetic
moment. In contrast, the gapless DP has been preserved for
interstitial Bi-int Ni impurities [Fig. 12(b)]. The DP lies at
EF − 0.25 eV, indicating an electron donor character for the
interstitial Ni atoms. There is a clear contribution from the
Ni-3d orbitals to the formation of the Dirac cone. Here,
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differently from the other TM/Bi2Se3(111) systems, the helical
character of the spin polarization vector has been preserved
[Fig. 12(d)], where the impurity Ni atom dominates the SPDOS
along the �̄–M̄ and �̄–K̄ directions.

IV. SUMMARY

In summary, based on ab initio calculations, we provide a
comprehensive map of the energetic stability and the electronic
properties of the TM-doped Bi2Se3(111) TI. Initially, ruled by
the formation energy results, the most likely configurations of
TMs in Bi2Se3(111) have been identified as (i) substitutional
(Bi-sub) for Cr, Mn, and Fe atoms, even under the Bi-rich
condition. (ii) At the Bi-poor limit, the Co and Ni impurities
also exhibit an energetic preference for the Bi substitutional
sites. However, (iii) near the stoichiometric condition, the
interstitial configuration (Bi-int) becomes energetically more
favorable for Co and Ni. In addition, for Fe and Mn atoms, there
are other configurations somewhat close in energy, namely,
interstitial Bi-int and adsorbed (Bi-ads and Se-ads) configu-
rations, thus suggesting a variety of different environments
for Fe and Mn impurities embedded in Bi2Se3(111). Similarly
for Co/Bi2Se3(111) and Ni/Bi2Se3(111), where the adsorbed
geometries are also energetically close to the Bi-int configura-
tion. In contrast, the same variety of possible geometries is not
expected for Cr. The electronic properties of the topologically
protected surface states change dramatically in the presence

of TMs. Indeed, our simulated STM results indicate that
each TM/Bi2Se3(111) system exhibits a particular surface
electronic picture as a function of the TM atomic species
and its equilibrium geometry. Further detailed electronic band
structure investigations reveal that substitutional FeBi and
CrBi impurities present a net spin polarization out of plane,
giving rise to a small energy gap at the DP. Meanwhile, the
spin polarization is in plane for MnBi, also giving rise to
a small energy gap at the DP. In general, for substitutional
impurities, the shape of the Dirac cone is preserved compared
with the pristine Bi2Se3(111) surface. However, except for
Ni/Bi2Se3(111), these surface states are no longer topologi-
cally protected, since the TRS has been removed. Interstitial
Bi-int Co impurities also present an in-plane spin polarization,
however, it becomes out of plane for the (energetically close)
adsorbed geometry. Indeed, this commitment between the
local geometry and the electronic properties has been verified
for other TM/Bi2Se3(111) systems. For instance, for Fe and
Mn adatoms, we may have in-plane or out-of-plane spin
polarizations depending on the adsorption sites, namely Bi-ads
or Se-ads (see Table V).
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