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We studied the structural, electronic, and magnetic properties of Sm-doped Bi2Se3 using a GGA approximation
in a frame of the fully relativistic spin-polarized Dirac linear muffin-tin orbital band-structure method. The X-
ray absorption spectra (XAS) and X-ray magnetic circular dichroism at the Sm M4,5 edges were investigated
theoretically from first principles. The calculated results are in good agreement with experimental data. The
complex fine structure of the Sm M4,5 XAS in Sm-doped Bi2Se3 was found to be not compatible with a pure Sm3�

valency state. The interpretation demands mixed valent states.
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1. Introduction

One of the most striking discoveries in recent years
which has emerged from research into spin-orbit coupling
is a new state of matter known as a topological insulator
(TI) [1]. Topological insulators are fully gapped in the
bulk but, due to strong spin-orbit coupling, possesses one
or more robust metallic surface states which are protected
by time-reversal symmetry (TRS). Typically, the Dirac
point, the tip of the cone, is located a few hundred meV
below the Fermi energy EF and the bulk conduction band
crosses EF . Beyond the inherent importance of exploring
a complex phase of quantum matter, these systems are of
great interest for device applications involving quantum
computing and photonics [2].

It is important to break the TRS of TIs to real-
ize novel physical phenomena such as, for example,
carrier-independent long-range ferromagnetic order, gi-
ant magneto-optical Kerr effect or the newly discovered
quantum anomalous Hall effect (QAHE) [3]. The QAHE
is observed in magnetic TIs where quantized transport
occurs in the absence of an external magnetic field and
thus discrete Landau levels. It can be achieved by induc-
ing ferromagnetism in the TI. Ferromagnetic ordering has
been successfully achieved in 3D (Bi,Sb)2(Se,Te)3 type
TIs by doping with 3d transition metals, such as Mn and
Cr [4, 5]. In general, however, doping with transition
metals has the intrinsic disadvantage that a divalent ion
replaces the trivalent Bi due to hybridization. Doping
with rare-earth (RE) elements, on the other hand, leads
to an isoelectronic and substitutional doping on the Bi
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site. Besides, RE ions offer the advantages of larger mag-
netic moments. Recently Chen et al. [6] report the suc-
cessful preparation of a series of (SmxBi1�x)2Se3 crys-
tals magnetic TIs, which exhibit ferromagnetism up to
about 52 K. All evidence suggests that Sm-doped Bi2Se3
is a candidate for high-mobility magnetic TI. Here we
present the theoretical calculations of the X-ray absorp-
tion spectra (XAS) and X-ray magnetic circular dichro-
ism (XMCD) of Sm-doped Bi2Se3 from first principles.
We found that the complex fine structure of the SmM4,5

XAS in Sm-doped Bi2Se3 is not compatible with a pure
Sm3� valence state. The interpretation demands mixed
valent states.

2. Computational details

Bi2Se3 is a narrow band gap semiconductor with a
tetradymite crystal structure with the space group D5

3d
(R3̄m), number 166. This rhombohedral layered struc-
ture is formed by five atomic layers as a basic unit cell,
named a quintuple layer (QL) (see Fig. 1a). The inter-
layer bonding within the QLs is strong because of the
dominant covalent character, but the bonding between
the QLs is much weaker due to the van der Waals-type
interaction.

The details of the computational method are described
in our previous papers [7–12]. Band structure calcula-
tions were performed using the fully relativistic linear
muffin-tin orbital (LMTO) method [13] with exchange-
correlation functional of a GGA-type [14]. This imple-
mentation of the LMTO method uses four-component
basis functions constructed by solving the Dirac equa-
tion inside an atomic sphere [15], which is crucial for a
correct description of p1{2 states of heavy elements such
as Pb or Bi [16].
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Fig. 1. Crystal structure of the Bi2Se3 compound. (a)
The hexagonal supercell containing 15 atomic layers;
t1,2,3 are primitive translation vectors. The quintuple
layer is shown in the red box. (b) The top view of a
QL in the triangle lattice. Three sets of different sites,
labeled as A, B and C sublattices, respectively, are pre-
sented. (c) Crystal structure of the Bi2Se3 (111) thin
film with the thickness of six quintuple layers with one
quintuple replaced by empty spheres.

The electronic structure of surface states was investi-
gated for crystal structure of the Bi2Se3 (111) thin film
with the thickness of six QLs with one quintuple replaced
by empty spheres (see Fig. 1(c)). The inter-layer bond-
ing between two QLs is much weaker than that inside the
QL; it is natural to expect that the cleavage plane should
be between two QLs.

To investigate the electronic and magnetic properties
of bulk Bi2Se3 with dilute Sm doping, a (2 � 2 � 1) su-
percell containing 24 Bi and 36 Se atoms was employed.
We use the experimental lattice constants a � 4.138 Å
and c � 28.640 Å with internal parameters ν � 0.206
and µ � 0.399 [17]. We consider a single Bi atom re-
placed by a Sm atom. Such a dopant concentration is
4.17 at% (x � 0.0417). The X-ray absorption and dichro-
ism spectra were calculated taking into account the ex-
change splitting of core levels.

3. Results and discussion
Figure 2 presents the ab initio calculated band struc-

ture of the Bi2Se3 (111) thin film with the thickness of
five quintuple layers for non-relativistic approximation
(b) and fully relativistic Dirac approximation (c). The
surface states are indicated by red lines while the other
lines correspond to the bulk bands. Nonrelativistic calcu-
lations produce rather large energy band gap at the Fermi
level of around 0.54 eV. In fully relativistic Dirac ap-
proximation (Fig. 2c) two chiral surface states are clearly
seen to connect the conduction band and valence band
to form a single Dirac-type contact at the Γ point and
aligning with the Fermi energy. Our calculations are in
good agreement with previous calculations [18, 19].

Fig. 2. (a) The 3D first Brillouin zone and the corre-
sponding surface 2D BZ below with the high symmetry
points indicated. The ab initio calculated band struc-
ture of the Bi2Se3 (111) thin film with the thickness of
six quintuple layers for non-relativistic approximation
(b) and fully relativistic Dirac approximation (c); the
red lines indicate the surface states while the other lines
correspond to the bulk bands.
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Fig. 3. Top panel: the X-ray M4,5 absorption spectra
(open circles) in (Sm0.05Bi0.95)2Se3 [6] compared with
the theoretically calculated ones (dotted black curves);
the spectra for trivalent (full blue line) and divalent
(dashed red curve) Sm ions are presented separately;
lower panel: the XMCD experimental spectrum (open
circles) in (Sm0.05Bi0.95)2Se3 at the Sm M4,5 edges [6]
and the theoretically calculated one for trivalent Sm3�

ions (full blue lines).

Figure 3 (upper panel) shows the calculated XAS spec-
tra in the GGA approximation together with the experi-
mental spectra measured by Chen et al. [6]. The complex
fine structure of the Sm M4,5 XAS in Sm-doped Bi2Se3
was found to be not compatible with a pure Sm3� valence
state. The interpretation demands mixed valent states.
The divalent Sm solution contributes to the major peak
at the Sm M5 edge (dashed red curve), a high energy
shoulder is mostly due to the trivalent solution (full blue
line).

The dichroism at theM5 edge has two lobes, a negative
and a positive one. The positive lobe is larger in com-
parison with the negative. Sm2� solution is nonmagnetic,
therefore the XMCD spectra at the M4,5 are completely
due to Sm3� ions. The theory relatively well describes
the shape and intensity of the XMCD spectra at theM4,5

edges, however, slightly overestimates the negative lobe.
Besides, the XMCD at the M5 edge possesses an addi-
tional small positive high energy shoulder which is not
reproduced in the theoretical calculations.
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