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Systematics of electronic and magnetic properties in the transition
metal doped Sb2Te3 quantum anomalous Hall platform
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The quantum anomalous Hall effect (QAHE) has recently been reported to emerge in magnetically doped
topological insulators. Although its general phenomenology is well established, the microscopic origin is far
from being properly understood and controlled. Here, we report on a detailed and systematic investigation of
transition metal (TM) doped Sb2Te3. By combining density functional theory calculations with complementary
experimental techniques, i.e., scanning tunneling microscopy, resonant photoemission, and x-ray magnetic circular
dichroism, we provide a complete spectroscopic characterization of both electronic and magnetic properties. Our
results reveal that the TM dopants not only affect the magnetic state of the host material, but also significantly alter
the electronic structure by generating impurity-derived energy bands. Our findings demonstrate the existence of
a delicate interplay between electronic and magnetic properties in TM doped topological insulators. In particular,
we find that the fate of the topological surface states critically depends on the specific character of the TM
impurity: while V- and Fe-doped Sb2Te3 display resonant impurity states in the vicinity of the Dirac point, Cr and
Mn impurities leave the energy gap unaffected. The single-ion magnetic anisotropy energy and easy axis, which
control the magnetic gap opening and its stability, are also found to be strongly TM impurity dependent and can
vary from in plane to out of plane depending on the impurity and its distance from the surface. Overall, our results
provide general guidelines for the realization of a robust QAHE in TM doped Sb2Te3 in the ferromagnetic state.
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I. INTRODUCTION

Topological insulators (TIs) represent a new state of matter
[1,2]. They behave like insulators in the bulk, but are char-
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acterized by a nontrivial symmetry inversion at the band gap
due to strong spin-orbit coupling. This gives rise to gapless
conducting spin-helical states on their boundaries (edges or
surfaces), with linear (Dirac) energy-momentum dispersion
inside the bulk band gap, crossing at the Dirac point. The level
degeneracy at the Dirac point is topologically protected by
time-reversal symmetry.

External perturbations that break this symmetry can open an
energy gap at the Dirac point and modify the spin texture, re-
sulting in several novel quantum phenomena, possibly relevant
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for spintronic and magnetoelectronic applications. Among
these, one of the most interesting phenomena is the quantum
anomalous Hall effect (QAHE). The idea of a quantum version
of the anomalous Hall effect, i.e., a quantum Hall effect in
the absence of external magnetic field and Landau levels, had
already been suggested by Haldane [3] in 1988 but never
realized until recently.

Soon after the discovery of three-dimensional TIs, it was
predicted theoretically that the QAHE should occur in thin
films of magnetic TIs [4]. Key elements leading to the QAHE
are the opening of a magnetic energy gap at the Dirac point of
the topological surface state and the positioning of the Fermi
level inside this gap. The currently most discussed approach
for engineering a gap is magnetic doping: ferromagnetically
ordered magnetic dopants produce a net magnetization which
breaks time-reversal symmetry and, when directed orthogonal
to the TI surface, opens a gap in the TI surface states [5,6].
The theoretical prediction of the QAHE was first verified
experimentally [7] in 2013 and since then it has been confirmed
by several other groups (for a recent review, see Ref. [8]).

However, several outstanding problems remain and make
the QAHE one of the presently most investigated topics of TI
research [9–12]. For example, the nature of magnetic order in
these systems is not well understood. Furthermore, although
a precise quantization of the Hall conductivity is achieved,
a small but nonzero and unexplained dissipative longitudinal
conductivity remains detectable [9,10,13–15]. Most impor-
tantly, the effect has so far been observed only at ultralow
temperatures (typically <100 mK), i.e., well below the Curie
temperature of the respective magnetic TI material. It is quite
self-evident that all these issues are unavoidable side effects
of the magnetic impurities, which are on one hand necessary
to trigger magnetic order, but on the other hand also lead to
unintended changes of the TI’s electronic structure near the
Dirac point [16].

Establishing ferromagnetic order in a TI with an out-of-
plane easy axis is a challenging problem. Ideally, it is desirable
to attain magnetic TIs with a high ferromagnetic transition tem-
perature TC, which can be controlled by the concentration of
magnetic impurities. Since the discovery of TIs, considerable
experimental effort has been dedicated to achieve long-range
magnetic order in two prototypical TIs, Bi2Se3 and Bi2Te3, by
doping with different TM atoms, such as Cr, Mn, or Fe, in both
bulk and thin film geometries [17–27]. Significant theoretical
work has also been undertaken to understand the mechanism
of magnetism in transition metal (TM) doped TIs [28–43].
For some of the magnetic TIs where the QAHE has been
observed, such as Cr-doped (Bi,Sb)2Te3, it has been proposed
that the mechanism driving the ferromagnetic transition is
based on the Van Vleck spin susceptibility [4]. For an alter-
native interpretation of the ordering mechanism in Cr-doped
Sb2Te3, see a recent theoretical study published in Ref. [44].
However, theoretical [45] and experimental [11] work has
shown that in V-doped (Bi,Sb)2Te3 (another magnetic TI where
the QAHE has been observed) the exchange mechanism must
be more complex than the Van Vleck picture considered so far,
and competing coupling mechanisms involving superexchange
mediated by p orbitals of the host atoms may be at play. For
example, the presence of a high density of states near the Fermi
level and the Dirac point, originating from the the 3d levels

of the vanadium impurities, was recently demonstrated [11].
These observations are in agreement with the overwhelming
majority of photoemission and scanning tunneling microscopy
(STM) studies showing a gapless Dirac cone in magnetically
doped TIs [16,22,31,46–52].

Yet, the presence of a finite density of states near the Dirac
point in magnetic topological insulators exhibiting the QAHE
seems to defy the established basic theoretical understanding of
this effect. In an attempt to resolve this apparent contradiction,
Sessi et al. [16], on the basis of STM data on V-doped Sb2 Te3

and elaborating on previous theoretical work [53,54], proposed
a scenario based on the dual nature of the magnetic TM dopants
in a TI, which on one hand are expected to open a gap at the
Dirac point but at the same time provide impurity states in the
same energy region, such that eventually a gapless condition
at the Dirac point is reestablished [16,55]. The observation of
the QAHE is only made possible by the localized nature of the
impurity states, which results in the emergence of a mobility
gap in samples characterized by a gapless density of states [16].

Since the theory supporting this picture was based on a
model Hamiltonian that does not distinguish among different
TM impurities [16], it is important to carry out more detailed
theoretical and experimental studies assessing the individual
effect that specific TM elements have on the electronic and
magnetic properties of the respective host TI. This is the scope
of this paper. Specifically, we have carried out systematic first-
principles studies of the electronic and magnetic properties of
substitutional Cr, V, Fe, and Mn dopants in Sb2Te3 TI, both
in bulk and on the surface. In particular, we have computed
the magnetic anisotropy energy and the easy axis for these
magnetic TIs. In consideration of the relevant role played by
the p levels of the nearby host atoms in the exchange coupling,
we have also evaluated the spin polarization of the Te and Sb
atoms nearest to the TM impurity. Last but not least, we have
focused on the fundamental issue of whether or not different
TM dopants give rise to resonance impurity states in the gap
close to the Dirac point.

These theoretical predictions will be compared with exper-
imental findings obtained using complementary techniques.
Scanning tunneling microscopy (STM) has been used to
check the structural properties of the samples while scanning
tunneling spectroscopy (STS) measurements allowed us to
evidence the local perturbations induced by the dopants inside
the bulk band gap. Resonant photoemission (resPES) has been
used to map the chemical and orbital character of the bands.
Finally, magnetic properties have been analyzed by x-ray
magnetic circular dichroism (XMCD). This technique allowed
us to investigate the emergence of long-range magnetic order
and to identify the easy magnetization direction. Even more
importantly, it granted direct access to the magnetic coupling
between dopants and the elements of the host material, shed-
ding light on the exchange mechanisms.

The paper is organized as follows. In Sec. II, we describe
the results of our first-principles calculations of the electronic
structure and magnetic properties of TM doped Sb2Te3, pro-
viding a theoretical framework to analyze and interpret the
experimental studies. Crystal growth is described in Sec. III.
Section IV presents the results of STM and STS measurements,
focusing on the issue of the impurity resonances appearing
in the bulk gap in the vicinity of the Dirac point. ResPES
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measurements, providing direct experimental access to the 3d

impurity states residing within the valence band, are discussed
in Sec. V. Section VI deals with XMCD measurements, aimed
at elucidating the microscopic magnetic characteristics of the
TM dopants in the TI host, such as the magnetic moment, the
anisotropy, and the induced spin polarization on host atoms by
the magnetic dopants. Finally, in Sec. VII we summarize the
main findings of our combined theoretical and experimental
study, and discuss their implication for the realization of a
robust QAHE regime in ferromagnetic Sb2Te3.

II. THEORETICAL STUDIES

A. Computational details

The density functional theory (DFT) calculations are per-
formed using the full-potential all-electron linearized aug-
mented plane-waves method as implemented in the state-of-
the-art WIEN2K ab initio package [56]. The Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA)
is used for the exchange correlation functional [57]. To in-
vestigate the trends of electronic properties of different TM
impurities in Sb2Te3 we have constructed bulk and surface
supercells (see Fig. 1) using experimental lattice parameters
(a = b = 4.264 Å, c = 30.457 Å, γ (∠ab) = 120◦) [58], with
the c axis of the crystal (the z axis in our calculations) along
the [001] direction. For bulk, we have constructed a 3 × 3 × 1
supercell containing three quintuple layers (QLs) and a total
of 135 atoms. For surface calculations we have considered a
3 × 3 × 2 surface supercell, a slab of finite thickness consisting
of six QLs grown along the [001] direction, which is perpen-
dicular to the (111) surface of Sb2Te3. This supercell contains
a total of 270 atoms. The slab’s bottom and top (111) surfaces
are terminated by Te layers. A vacuum of 15.87 Å is added
along the surface direction to avoid supercell interaction.

Impurities are introduced by substituting one Sb atom per
supercell with V, Cr, Mn, or Fe, respectively. As shown in the
left panel of Fig. 1, bulk substitution is modeled by replacing
an Sb atom in the middle of the supercell, corresponding to
an impurity concentration of about 11% for the respective Sb
layer and 1.8% for the entire supercell. For surface calculations,
an impurity is added by substituting a Sb atom by a TM
atom in the topmost Sb layer, which is the first layer under
the very top surface Te layer. This doping also corresponds
to an impurity concentration in the Sb layers of about 11%
and 0.9% for the entire supercell. It should be noted that
in this work we have not calculated averages over different
chemical disorder realizations, which may be important for
more accurate description of the system. However, since in
this work, we are mainly interested in calculating the single-ion
anisotropy, which primarily depends on the local environment
of the impurity, the chemical disorder is not expected to play
any significant role.

All calculations are performed after fully relaxing the
atomic positions in all structures. The effect of relaxation
is not very strong in Sb2Te3, both for bulk and surface.
However, the nearest-neighbor Te atoms are observed to move
slightly towards the TM impurity atom. The local symmetry
of the impurity atom is approximately C3v for both bulk and
surface except that the distances between impurity and nearest-

FIG. 1. Bulk (left panel) and surface (right panel) supercell of
Sb2Te3 doped with a TM magnetic impurity substituting a Sb atom of
the host material. The local symmetry of the impurity atom is C3v for
both bulk and surface case. For the surface supercell, the TM impurity
is located on the first Sb monolayer under the top surface consisting of
a Te monolayer. In the surface calculations, the slab thickness consists
of six quintuple layers, grown along the C direction. The exposed top
and bottom surfaces of the slab are (111) type.

neighbor Te atoms are slightly different in bulk and surface.
All the bulk calculations are performed using a 3 × 3 × 1 k

mesh, whereas for surface calculations we used 2 × 2 × 1 k

mesh in the Brillouin zone.
The single-ion magnetic anisotropy energy (MAE) is calcu-

lated by using the force theorem in the presence of spin-orbit
interaction, according to which the anisotropy energy for two
magnetization directions of the TM impurity is the difference
between the sum of all single-particle Kohn-Sham eigenvalues
for the two directions [59]. In this work, we have calculated
the energies for two magnetization directions, namely, the
out-of-plane [001] direction (corresponding to the c axis in
bulk) and the in-plane [110] direction (in the xy plane):

MAE =
Ef∑

i,[001]

(εi↑ + εi↓) −
Ef∑

i,[110]

(εi↑ + εi↓). (1)

The magnetic anisotropy energy calculated in Eq. (1) is
the magnetocrystalline anisotropy induced by the atomic spin-
orbit coupling. It is important to emphasize that our first-
principles DFT calculations of this quantity, carried out for
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a slab of finite thickness, include automatically the effects
of the symmetry breaking and atom relaxation occurring at
the surface, which are responsible for the contribution to the
magnetic anisotropy known as surface anisotropy. Therefore,
although in our DFT calculations for a slab geometry we
cannot disentangle bulk and surface anisotropy, the contribu-
tion coming from the latter is accounted for. The long-range
dipole-dipole interaction, which is responsible for the shape
anisotropy in thin films, is not explicitly included in the PBE
exchange-correlation functional used in this work. However,
this effect is expected to be rather small in the dilute magnetic
system that we are considering.

Since WIEN2K is an all-electron code with plane-wave
basis, the electronic and magnetic properties of a system
can be calculated very accurately. The tradeoff is that the
calculations carried out with this code is computationally
extremely demanding, particularly for the large supercells
considered in this work, both in terms memory and calculation
time. For example, a typical surface calculation requires a total
of about six weeks to attain a fully relaxed crystal structure in
the presence of the TM impurity and to perform anisotropy
calculations in a 20 core node with 64 GB memory (which is
the maximum memory/node available in our supercomputer
cluster at Lunarc).

Because of these computational constraints, most of the
calculations in this work were carried out using GGA. For the
case of V-doped Sb2Te3, we have also performed GGA + U

calculations in order to study the effect of electronic correlation
effects which may play a significant role, as indicated by the
theoretical and experimental data presented below. DFT in the
GGA + U implementation is a suitable approach to address
this case. For these calculations, we have used U = 4 eV,
which is the typical value for TM atoms [60].

B. Results

1. TM impurity magnetic moment and induced spin
polarization of the host atoms

In pristine Sb2Te3, a semiconductor with bulk gap of
≈0.21 eV, the Sb cations are in the +3 oxidation state. The 3d

TM impurities have an electronic configuration [Ar]3dn4s2,
with n = 3 for V, n = 4 for Cr, n = 5 for Mn, and n = 6
for Fe. When a TM atom replaces an Sb atom in Sb2Te3,
its possible oxidation states are either +3 or +2. In the first
case, the TM atom donates the same number of electrons as
the original Sb. For this oxidation state, which leads to the
electronic configuration of [Ar]3dn−1, the expected magnetic
moment of the impurity would naively be (n − 1)μB. For the
oxidation state +2, the electronic configuration of the impurity
is [Ar]3dn, resulting in a magnetic moment that should be close
to the atomic value nμB for V, Cr, and Mn, and (n − 2)μB for
Fe, where the minority-spin levels start to be filled. Since in
this case only two electrons of the TM impurity (the two 4s

electrons) contribute to binding, a hole state is created in the
host crystal, formed predominantly by the p states of the Te
atoms nearest to the TM impurity atom with a small admixture
of the impurity d states. The appearance of hole states localized
on the NN anions and in part on the TM impurity is precisely
what happens in the familiar case of Mn-doped GaAs, where
Mn impurities substitute Ga atoms [61]. This p-d hybridization

TABLE I. Magnetic moments (in units of μB) for bulk and
surface-doped Sb2Te3 for four different TM impurities. (The values
for the case of surface impurities are in parentheses.) The first
column displays the magnetic moment of the TM impurity. The
second column is the value of the total magnetic moment induced
by the TM impurity on its nearest-neighbor (NN) Te atoms. The
+/− sign means that the direction of the induced moment is
parallel/antiparallel to the impurity d moment, implying a ferromag-
netic (FM)/antiferromagnetic (AFM) exchange coupling (see third
column). The fourth column displays the exchange coupling (FM or
AFM) between the TM impurity and its NN Sb atoms. Note that the
sign of the exchange coupling is the same for bulk and surface doping.

Magnetic moment (μB)

Impurity Induced moment Int. with Int. with
type Impurity on NN Te NN Te NN Sb

V 1.98 (2.00) −0.27 (−0.20) AFM FM
Cr 3.02 (2.90) −0.33 (−0.24) AFM FM
Mn 3.97 (4.12) −0.17 (−0.03) AFM FM
Fe 3.20 (3.34) +0.33 (0.24) FM FM

results in a partial spin polarization of the host p states,
which can play an important role in determining the magnetic
properties and the mechanism responsible for ferromagnetism
of doped topological insulators.

Table I shows calculated magnetic moments of impurity
atoms (results for both bulk and surface impurities are dis-
played) together with the induced moment of the host atoms,
along with the character of the magnetic coupling between
the impurity, the nearest-neighbor (NN) Te atoms, and NN
Sb atoms (which are the next-nearest-neighbor atoms to the
TM impurity). The impurity magnetic moment for V is close
to 2 μB for both bulk and surface doping, suggesting that
substitutional V should be in the oxidation state +3. The
same oxidation state +3 characterizes Cr impurities, for which
the magnetic moment is found to be close to 3 μB. In fact, a
close inspection of the orbital occupancies for these impurities
reveals that the electron occupation of the majority-spin 3d

levels is close to 2.5 electrons for V and 3.4 electrons for
Cr. At the same time, the minority-spin d levels, which are
expected above the Fermi level, are occupied by approximately
0.5 electrons, as a result of their hybridization with the p levels
of NN Te atoms. In both cases, the 4s levels have a very small
electron occupation of �0.1.

Mn impurities are expected to be in the oxidation state
+2, which is supported by the observation that the electron
occupancy of the majority-spin 3d levels is 4.5. A net magnetic
moment close to 4 μB shown in Table I is then the result
of these majority electrons and the opposite contribution of
≈0.5 electrons occupying the minority-spin d orbitals due to
the effect of p level hybridization. In contrast with the other
impurities, Fe minority states start to be occupied even in the
absence of hybridization with host atoms. Indeed, the analysis
of the d level occupancy shows that Fe has 4.6 majority-spin
electrons and 1.3 minority-spin electrons. This implies a total
of six electrons occupying the d-level core, corresponding to an
oxidation state of +2. The magnetic moment of Fe is therefore
close to 3.3 μB. These considerations on the oxidation state
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of the TM impurities in Sb2Te3 are in good agreement with
experimental results obtained for Bi2Te3 TI [62], which is
isoelectronic to Sb2Te3.

The impurity magnetic moment induces a spin polarization
on the nearby Te and Sb host atoms, the strength of which
depends on the type of impurity involved. In bulk Sb2Te3, the
induced moment at the NN Te sites is about 0.3 μB for V,
Cr, and Fe, but less than 0.2 μB for Mn. On the surface, the
impurity d states are more localized as compared to those in
bulk because of the lower coordination. As a consequence, the
p-d hybridization is smaller on the surface, resulting in smaller
induced NN moments. Our calculations also show that the
local moments of V, Cr, and Mn couple antiferromagnetically
(AFM) with the induced moment at the NN Te sites, whereas
Fe couples ferromagnetically (FM) with Te in both bulk and
surface. However, the coupling between the impurity atom and
the induced moment at the Sb sites is FM for all four impurities,
consistent with experiment (see also discussion below) [16,27].

As mentioned above, and this will become more clear when
we discuss the impurity-induced modification of local density
of states (DOS), V-doped Sb2Te3 has a complex electronic
structure with a substantial DOS at the Fermi level originating
from the V d levels. It is therefore important to investigate
how electronic correlations affect the electronic and magnetic
properties of the system. For this purpose, we have investigated
V dopants in bulk Sb2Te3 within the framework of GGA + U ,
with U = 4.0 eV. The effect of Hubbard U is to localize
the d states of the V atom. Consequently, the local moment
of V increases to 2.6 μB. A closer inspection of the orbital
occupancy shows that the enhanced magnetic moment is the
result of an increase of the majority-spin occupancy from
2.5 to 2.8 and a simultaneous decrease of the minority-spin
occupancy from 0.48 to 0.26. Since the hybridization of the d

states of the V impurity with its neighboring atoms decreases
with correlations, the induced moments at the NN Te sites
decrease to 0.21 μB. However, the magnetic coupling between
V and its NN Te sites remains AFM as in the case of U = 0.

2. Magnetic anisotropy energy of TM impurities in Sb2T e3

According to a minimal two-dimensional continuum model,
to open a gap at the DP in a magnetic TI, it is necessary
that the magnetization is oriented along the normal of the
TI surface [63–65]. The orientation of the magnetization is
determined by the magnetic anisotropy energy (MAE) of the
system. We have calculated both the bulk and surface MAE
and the corresponding easy axes for all impurities studied in
this work. The results are shown in Table II. The direction
of easy axis depends on the type of impurity. For V, Cr, and
Mn bulk impurities, the easy axis is out of plane, that is,
along the the growth direction of the crystal cleavage plane,
while for Fe it is within the surface plane. Our results show
that the surface anisotropy may qualitatively differ from the
corresponding bulk values. For example, V and Mn exhibit an
easy axis within the surface plane, contrary to bulk, whereas
the Cr easy axis is still out of plane, just like for bulk. These
calculations suggest that only the ground state of Cr-doped
Sb2Te3 can sustain a ferromagnetic order with out-of-plane
magnetization, and therefore will open a magnetic gap at the
DP.

TABLE II. Single-ion magnetic anisotropy energy (MAE) of dif-
ferent TM magnetic impurities in bulk and surface Sb2Te3 topological
insulator. The out-of-plane easy axis in bulk is along the growth c

direction of the crystal. For surface impurities, the out-of-plane easy
axis is along the [001] direction, which is perpendicular to the exposed
(111) surface, terminating the slab.

Bulk Surface

Impurity MAE MAE
type (meV) Easy axis (meV) Easy axis

V 0.07 c axis 0.45 In plane
Cr 0.43 c axis 0.41 Out of plane
Mn 0.58 c axis 0.65 In plane
Fe 0.20 xy plane 0.60 In plane

Whereas the calculated out-of-plane easy axis of Cr-doped
Sb2Te3 agrees well with experiment [66], theoretical data for
V-doped samples suggest an in-plane anisotropy for the surface
layer which is not supported by the experiment (see also
the discussion in Sec. VI) [9]. To understand this apparent
discrepancy between the experimental measurement and the
theoretical results, we would like to emphasize that in our
DFT calculations the TM impurity has been added only to the
topmost Sb layer (i.e., the first subsurface layer). Therefore,
in our surface calculations we have not really considered
any magnetic order originating from bulk doping. If bulk
magnetic order is also achieved, it can act as an external
magnetic field to the surface electrons and can significantly
influence the anisotropic properties of the film. Thus, it might
be possible that bulk magnetic order can change the orientation
of magnetization produced by a single surface layer.

3. Resonances in bulk-doped Sb2T e3

As discussed in Sec. I, the presence of impurities can give
rise to impurity resonances close to the DP, which can be
detrimental on the observation of the QAHE. To investigate
whether the TM impurities give rise to resonance states, we
have first calculated the bulk density of states (DOS) for TM
doped systems. In particular, we are interested in determining
the position of the impurity states in the bulk gap relative to
the Fermi level. The total density (top panel in each of the four
subfigures) and the density of d states (bottom panel in each of
the four subfigures) of various bulk dopants is plotted in Fig. 2.
The most important feature shown in the figure is that for both
V and Mn dopants there is a finite density of impurity states
at the Fermi level in the form of a broad resonance state (the
Fermi energy is the vertical dotted line in the figure). On the
other hand, for Cr the Fermi level is just in the middle of the
gap, which appears to remain free of resonance states. Impurity
d-level states for Cr (see lower panel for the Cr case) all occur
inside the bulk conduction band. Fe dopants are qualitatively
similar to V, displaying a finite DOS at EF originating from
the minority-spin d levels. In contrast, Mn is qualitatively
more similar to Cr, displaying only a small DOS at EF, which
however is located not in the middle of bulk gap as for Cr, but
closer to the valence band edge.

Given the presence of impurity states in the gap for V
dopants, it is important to assess the role played by electron
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FIG. 2. Density of states of bulk TM doped Sb2Te3 for different bulk magnetic impurities. Top to bottom: V, Cr, Mn, Fe. For each impurity
case, the black curve in the upper panel is the total DOS, while the blue curve in the lower panel represents the d-level DOS of the impurity.
Positive and negative DOS values refer to majority- and minority-spin DOS, respectively. The vertical dotted line at zero energy marks the
position of the Fermi level. The red curve for the V impurity is the d-level DOS obtained in a GGA + U calculations, with U = 4 eV. All other
results are for U = 0.

correlations, which can modify the electronic structure of the
impurity states. Therefore, we have carried out GGA + U

calculations with U = 4 eV for V-doped Sb2Te3. The resulting
V d-level DOS calculated is shown as a red line in Fig. 2
(top panel). As expected, the effect of the onsite Hubbard
interaction U is to increase the localization of the d electrons
around the impurity core. This is reflected in the d-level DOS
of the majority spins, which are pushed further below the Fermi
level, increasing their overall occupancy, as we have already
seen above in the discussion of the magnetic moment. The
resonant nature of these impurity states is enhanced by the
correlations: the broad shoulder at the Fermi energy becomes a
higher and narrower peak. However, it is important to note that,
although correlations have the effect of reducing the d-level
DOS at the Fermi energy, the DOS near EF is still finite.
Although not calculated explicitly here, previous calculations
on TM doped Bi2Se3 show that the inclusion of Hubbard U has
a very similar effect on the d-level DOS of other TM impurities
[32]. In particular, we expect that correlations will produce
minimal changes to the Cr d-level DOS, and by displacing
the d levels in the way described above, will make the Mn
DOS look even more similar to Cr. The case of Fe is a bit
peculiar since the finite DOS in the absence of correlations
is due to minority-spin d levels. However, it is likely that the
effect of U , while pushing these levels further above EF, will
nevertheless maintain a finite, albeit small, DOS coming from
these states. In conclusion, our calculations show that only

for V and, to a lesser extent, Fe dopants resonant states are
theoretically expected inside the bulk gap close toEF. The DOS
of these d levels remains finite even when electron correlations
are included.

4. Resonances in surface-doped Sb2T e3

We now consider the case of TM magnetic impurities
located on the (111) surface of Sb2Te3, focusing on their effect
on the electronic DOS in the vicinity of the Dirac point. As ex-
plained in Sec. II A, the phrase impurity located on the surface
is used to describe a TM atom that replaces an Sb atom in the
topmost Sb layer, just underneath the Te layer terminating the
supercell (see Fig. 1). This TM atom primarily hybridizes with
the three NN Te atoms in the topmost layer and another three
in the third layer. The penetration of the topological surface
states inside the bulk material decays exponentially with the
distance from the surface. More precisely, it is known that
the decay length of the surface states is of the order of two to
three quintuple layers (QLs) [67]. Therefore, we expect that the
orbital levels of the TM impurity will overlap with and strongly
affect the surface states of the top surface of the supercell.
On the other hand, the TM impurity will have essentially no
influence on the surface states of the bottom surface of the
supercell, which is six QLs thick. The theoretical analysis of the
TM impurities at the surface considered here is essential for the
interpretation of the STM and XMCD experiments described
below, which are mostly surface sensitive.
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FIG. 3. Density of states of TM doped Sb2Te3 for different surface magnetic impurities. Top to bottom: V, Cr, Mn, and Fe. The vertical
dotted line at zero energy marks the position of the Fermi level. The inset in each plot shows the DOS around the Dirac point (DP) of the
top-surface states. The blue curve in this inset is the impurity d-level DOS. For all dopants the DP is very close to the Fermi level, with the
exception of Mn, where the DP is ≈ 0.1 eV. The value of the impurity d-level DOS at the DP is indicated in red. For V there is a finite d-level
DOS at the DP. On the other hand, for Cr the d-level DOS at the DP is essentially zero. Fe and Mn are somewhat in-between these two extremes,
with Fe resembling V and Mn resembling Cr.

The DOS results of the surface impurity calculations are
plotted in Fig. 3. Comparing with Fig. 2, it is evident that the
impurity states for surface doping resemble in part the DOS
for bulk doping. In order to identify the precise position of the
DP relative to the Fermi level, the band structure is required.
However, since we were unable to perform band-structure
calculations for such a large supercell, due to the computational
limitations explained in Sec. II A, the DP is estimated by
assuming that the DOS is expected to be a minimum at the
DP, as shown in Fig. 3. We would like to emphasize that the
presence of a finite DOS around the DP of the top-surface states
is due to the presence of the bottom-surface states at the same
energies. Indeed, as shown in Ref. [32], when an impurity is
positioned only on the top surface of a finite-thickness slab,
inversion symmetry is broken, and the two Dirac cones of top
and bottom surfaces are shifted with respect to each other. As
a result, the energy region containing the DP of the top-surface
states displays a finite DOS arising from the shifted surface
states of the bottom surface.

For V-doped Sb2Te3, the impurity d states clearly lie not
only inside the bulk gap, but also quite close to the DP of
the surface states, in the energy region that should precisely
correspond to a magnetic gap. This important theoretical
result is consistent with experiment [16]. (Note that in our
calculations the DP for V-doped Sb2Te3 essentially coincides
with the Fermi level.) For Cr-doped Sb2Te3, the situation is

quite different. As shown in the second panel of Fig. 3, in
this case there are no impurity resonance states present within
the bulk gap. The Fermi level lies just in the middle of this
bulk gap, and it is very close to the DP. Thus, for this dopant,
when the broken time-reversal symmetry of the magnetic state
opens a magnetic gap at the DP, there will be no impurity
states available to fill this gap. Most likely this is one of the
main reasons why Cr-doped (Bi,Sb)2Te3, a TI with properties
similar to Sb2Te3, remains one of the most suitable systems to
realize the QAHE [7].

The case of Mn surface doping is displayed in the third
panel of Fig. 3. Here, we can see that Mn impurities introduce
a small albeit finite DOS at the Fermi level, which, as for the
case of bulk impurities, is located close to the valence band
edge. However, we find that the DP is located approximately
at 0.1 eV above the Fermi level, where the contribution of
Mn impurity states is essentially zero. Since the magnetic gap
possibly opened by the time-reversal breaking perturbation
is centered at the original DP of Sb2Te3, and is expected
to be of the order of a couple of tens of meV at most, we
conclude that in this case the Mn impurity states should not be
able to fill this gap. Therefore, Mn-doped Sb2Te3 is in a way
qualitatively similar to Cr-doped Sb2Te3, in that any magnetic
gap opened by the impurity will not be affected by the presence
of additional impurity resonances. Notice also that, on the basis
of our analysis on the effect of correlations discussed in Fig. 2,
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FIG. 4. Relative contribution of the impurity d-level DOS (blue curve) and the NN Te p-level DOS of the top surface (red curve) of Sb2Te3

for different surface magnetic doping. The Te p-level DOS of the top surface is strongly affected by the nearby impurity. In contrast, the Te
p-level DOS of the bottom surface, also plotted as a comparison (black dashed line), is not influenced by the impurity.

we expect that the inclusion of onsite correlation effects via
a Hubbard interaction U will further remove the small DOS
from the gap region.

Finally, the case of Fe surface impurities is discussed in the
bottom panel of Fig. 3. As for the case of bulk impurities, Fe
is a bit different from the other three cases since the impurity-
induced resonant levels inside the bulk gap now originate from
minority-spin states. In this case, we find that the DP, which in
our calculation occurs very close to the Fermi level, is located
in a region where the d-level DOS is small but definitely finite,
similarly to what happens with V. However, in contrast to the
case of V, where the impurity states merge with the valence
band edge, these states are now located in the middle of the
bulk gap, and therefore resemble more properly an impurity
band.

The different electronic behavior of the TM impurities
inside the gap, already visible from the TM d-level impurity
states, is also reflected in their coupling to the p levels of the
NN Te atoms. In Fig. 4 we plot the DOS of the impurity d

states together with the DOS of the p states of its NN Te
atoms on the top surface. The position of the top-surface state’s
DP is indicated in the figure by a dashed vertical line. For
comparison, we also plot the DOS of the p states of the Te
atoms on the bottom surface, which are the NN of a Sb atom
placed in the equivalent position of the one substituted with
the impurity on the top surface. Since the impurity atoms are
placed only in the topmost Sb layer (second layer from the
top), only the top DP is influenced by the impurity, whereas
the bottom DP remains unchanged. We note that while the
contribution of p states of Te atoms at the bottom surface is
very similar for all types of impurities, at the top surface the

DOS of NN Te p states typically follows closely the impurity
d states due to the p-d hybridization (with the exception of
Fe), and therefore is quite different for different impurities. In
particular, the striking difference between V and Cr, already
observed in Fig. 3, is confirmed by these results. For V, there
is a finite DOS of host p states around the Fermi level and the
DP, which follows the same trend of the impurity d levels, and
extends above the Fermi level. On the other hand, for Cr this
p-level contribution from the NN Te atoms is totally absent at
the DP. For Mn, the p-level DOS of the NN Te atoms follows
closely the impurity d-level DOS. In particular, it is finite at
the Fermi level, but negligible at the DP, which is about 0.1 eV
above the Fermi level. Note that the behavior of the hybridized
NN p levels, clearly giving rise to a hole state around the
Fermi level, is similar to what happens for substitutional Mn
impurities in GaAs [61].

Fe is again quite different from all other impurities, also
concerning the p-d hybridization with the NN atoms. The
bottom right panel of Fig. 4 shows that the finite DOS of
minority-spin d-level impurity states in the vicinity of the DP
does not result in any appreciable p-level contribution from
the NN Te atoms. Substantial p-d hybridization takes place
only with majority-spin states below the Fermi level, in an
energy region far away from the DP. Therefore, for Fe, the
impurity levels emerging in the crucial energy region around
the DP, where a magnetic gap is likely to open, have mainly
d character. These states tend to form an impurity band inside
the bulk band gap, separated from the valence band top edge,
and eventually merge with the conduction band bottom edge.

In summary, our calculations show that Mn- and Cr-doped
Sb2Te3, in contrast with V-doped Sb2Te3, do not host any
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resonance states in the energy region around the DP, where
a magnetic gap in the surface states can be opened by the
magnetic impurities. Our calculations also show a finite DOS
of impurity levels at the DP for Fe-doped Sb2Te3; but, unlike
V, these minority-spin states have essentially a d character, and
do not hybridize with the p levels of the NN Te atoms of the
host material.

Microscopically, any exchange interaction between topo-
logical surface and impurity states leading to a gap opening at
the DP should require some kind of overlap and consequent
hybridization between these two states. Indeed, in Ref. [32] a
DFT band-structure calculation carried out Mn-doped Bi2Se3

showed that surface states are strongly hybridized with the
impurity states, and this hybridization is crucial to open a
gap at the Dirac point. Although not confirmed by similar
band-structure calculations, the weak hybridization that we
find for V would suggest that in this case, the size of the gap
at the Dirac point should be rather small.

The theoretical considerations of QAHE discussed above
are based on the existence of magnetic order only at the surface.
Although it might be possible to observe QAHE with only
bulk magnetic order with perpendicular anisotropy, the effect
is likely to be smaller. A larger magnetic gap at the Dirac point
(DP) is desirable for QAHE, which can be suitably achieved
if surface is also magnetic with out-of-plane easy axis. In
addition, some calculations show that the critical temperature
TC for bulk magnetic order is considerably smaller than that
of the surface magnetic order [43]. Therefore, the Tc for the
QAHE will also be lower when only bulk magnetization is
present, without surface magnetic order.

We conclude this section with a few considerations on
the possible nature of the exchange coupling and the ensuing
mechanism of magnetic order in Sb2Te3 for different dopant
species. The presence of a finite density of impurity d and
host p states around the Fermi level for V and the absence of
these states for Cr suggests that the mechanism of magnetism
is likely to be quite different for V-doped and Cr-doped Sb2Te3.
In the case of V, the impurity states tend to form a rather
broad band of resonant states filling most of the bulk gap
and merging with the top of the valence band. This seems to
point either to a Ruderman-Kittel-Kasuya-Yoshida (RKKY)
or to a superexchange interaction mediated by p carriers
as the most likely source of exchange coupling among the
magnetic impurities [45]. Cr-doped Sb2Te3 is clearly quite
different since the impurities do not seem to introduce free
carriers. Therefore, this case appears to be the best candidate
for the Van Vleck mechanism of magnetic order, as originally
suggested in Ref. [4]. However, this conclusion has been
challenged by a recent paper, reporting the results of first-
principles calculations in Cr-doped Sb2Te3 [44]. This study
indicates that magnetic order is present even in the absence of
spin-orbit interaction, which is the driving mechanism of band
inversion and a nontrivial gap in TIs, ultimately responsible for
establishing a strong Van Vleck spin susceptibility. According
to this study, the mechanism responsible for magnetic order is
instead due to the presence of an induced FM spin polarization
in the Sb monolayer containing the Cr dopant, transferred
widely from the magnetic TM impurity to distant Sb atoms
by the long-range resonant p-bonding network known to exist
within the QLs of the chalcogenide host material. Although we

have not carried out any specific study of the Cr-Cr exchange
coupling, our results on the induced AFM spin polarization of
the NN Te atoms and the FM spin polarization of the next-NN
Sb atoms (see Table I) are consistent with the conclusion of
Ref. [44].

Fe dopants are peculiar also when it comes to the possible
source of magnetic order. As discussed above, the Fe impurity
states present in the bulk gap appear to form a band of localized
impurity d orbitals of minority-spin character. Note also that
in the energy region of these states, there is no presence of p

levels of the host material. On the basis of these results, we
are led to conclude that magnetic order in Fe-doped Sb2Te3

should be quite weak, if present at all. Finally, Mn-doped
Sb2Te3 closely resembles the dilute magnetic semiconductor
(Ga,Mn)As, with a hole state of p character residing mostly
on the NN atoms of the host, but hybridized with Mn d

levels. Therefore, Mn-doped Sb2Te3 should be characterized
by a carried-mediated RKKY exchange coupling. Note that,
according to our calculations, Mn displays the largest magnetic
moment of all four dopants. However, the presence of a large
microscopic magnetic moment of the individual dopants does
not guarantee the onset of a robust magnetic order, which also
depends on the dopant concentration and on the degree of p-d
hybridization.

III. CRYSTAL GROWTH

Magnetically doped Sb2Te3 samples were grown by vertical
Bridgman crystallization in conically shaped carbon-coated
quartz ampoules. Elementary Sb, Te, V, Cr, Mn, and Fe were
weighed to obtain the chemical composition Sb2−xTMxTe3.
After sealing under a residual pressure of 1 mbar, the ampoules
were horizontally soaked at 700 ◦C for several days to ensure
that magnetic impurities were homogeneously distributed.
Subsequently, the samples were subjected to Bridgman recrys-
tallization under an axial temperature gradient of 15 ◦C/cm and
ampoule translation rate of 10 mm/day [68].

IV. SCANNING TUNNELING MICROSCOPY
AND SPECTROSCOPY

Systematic STM/STS measurements have been performed
with the goal of obtaining detailed information on the impact
that different doping elements have on both structural and
electronic properties of the host material. In this context, the
high spatial resolution of STM together with its capability
of providing detailed spectroscopic information for energies
close to the Fermi level makes it an ideal technique to
visualize impurity-induced local changes in the density of
states emerging within the Sb2Te3 bulk band gap.

Single crystals have been cleaved at room temperature in
ultrahigh vacuum (UHV) and immediately inserted into the
microscope operated at a temperature T = 4.8 K. All measure-
ments have been performed using electrochemically etched
tungsten tips. Spectroscopic data have been obtained using
the lock-in technique by adding a bias voltage modulation
in-between 1 and 10 meV (r.m.s.) at a frequency f = 793 Hz.
Results for V, Cr, Mn, and Fe are reported in Figs. 5, 6, 7, and 8,
respectively.

For all elements, topographic images reveal the presence of
different defects in the crystals. The large overviews reported in
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FIG. 5. Scanning tunneling microscopy and spectroscopy data
obtained on V-doped Sb2Te3. The dopants’ concentration amounts to
1.5% V in each Sb layer. (a) Topographic images reveal the existence
of two different doping sites (see white boxes labeled I and II). (b)
Local density of states acquired over a defect-free area [see arrow
in (a)]. (c) Atomically resolved images allow to precisely identify
defects I and II as V atoms substituting Sb in the second and fourth
layers of the Te-Sb-Te-Sb-Te quintuple-layer structure, respectively.
(d) Local density of states acquired by positioning the tip on top of
the dopants.

panels (a) of Figs. 5–8 as insets demonstrate that in all crystals
the magnetic dopants are homogeneously distributed, without
any signature of clustering. Furthermore, irrespective of the
particular TM dopant, two types of defects, labeled I and II,
are predominant. These defects correspond to the perturbations
introduced in the crystal structure by the magnetic dopants,
which are expected to substitute Sb in the second and fourth
layers of the Te-Sb-Te-Sb-Te quintuple layer structure [16].
Although Sb substitution is energetically most favorable,
interstitial doping has also been reported [33]. This necessarily
calls for a precise identification of the dopants’ sites. Indeed,
the different local environment seen by impurities residing at
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FIG. 6. Scanning tunneling microscopy and spectroscopy data
obtained on Cr-doped Sb2Te3. The dopants’ concentration amounts to
1.5% Cr in each Sb layer. (a) Topographic images reveal the existence
of two different doping sites (see white boxes labeled I and II). (b)
Local density of states acquired over a defect-free area [see arrow
in (a)]. (c) Atomically resolved images allow to precisely identify
defects I and II as Cr atoms substituting Sb in the second and fourth
layers of the Te-Sb-Te-Sb-Te quintuple-layer structure, respectively.
(d) Local density of states acquired by positioning the tip on top of
defect I. The spectrum strongly resembles the one obtained over a
defects-free area. In particular, not any new state emerges within the
bulk gap. The perturbation introduced in the surface density of states
by defect II is vanishingly small and its STS spectrum can not be
disentangled from the one obtained over defects-free areas.

different sites can significantly change the impurity-host hy-
bridization, ultimately impacting onto the system’s electronic
and magnetic properties. As discussed in Refs. [69,70], this
information can be obtained by analyzing both the symmetry as
well as the spatial extension of the dopant-induced defects with
respect to the atomically resolved periodicity of the surface.
As shown in panels (c) of Figs. 5–8, this method allows us to
identify defects I and II as magnetic atoms substituting Sb in the

155429-10



SYSTEMATICS OF ELECTRONIC AND MAGNETIC … PHYSICAL REVIEW B 97, 155429 (2018)

100nm

defect I defect II

(a)

(c)

III

(d)

10nm

   1nm

8

6

4

dI
/d
U

 (a
.u

.) 

2

0 200 400 600
E-E  (meV)F

   1nm

0 400200 600
E-E  (meV)F

d
I/
d
U

 (
a

.u
.)

 

2

4

6 DP

pristine
Sb Mn Te1.975 0.015 3

(b)

defect I

FIG. 7. Scanning tunneling microscopy and spectroscopy data
obtained on Mn-doped Sb2Te3. The dopants’ concentration amounts
to 1.5% Mn in each Sb layer. (a) Topographic images reveal the
existence of two different doping sites (see white boxes labeled I
and II). (b) Local density of states acquired over a defect-free area
[see arrow in (a)]. (c) Atomically resolved images allow to precisely
identify defects I and II as Mn atoms substituting Sb in the second
and fourth layers of the Te-Sb-Te-Sb-Te quintuple-layer structure,
respectively. (d) Local density of states acquired by positioning the tip
on top of defect I. The spectrum strongly resembles the one obtained
over a defects-free area. In particular, not any new state emerges within
the bulk gap. The perturbation introduced in the surface density of
states by defect II is vanishingly small and its STS spectrum can not
be disentangled from the one obtained over defects-free areas.

second and fourth layers of the Te-Sb-Te-Sb-Te quintuple-layer
structure, respectively.

The structural investigation already allows us to evidence
some differences and similarities among the different impuri-
ties. The cleavage planes of V- and Fe-doped samples have a
quite similar appearance: dopants residing in the topmost Sb
layer (defect I) are characterized by a triangular depression
with brighter intensity at each corner. We would like to note

200 300100

1

2

0

E-E  (meV)F

dI
/d
U

 (a
.u

.) 

-200 0 400200 600
E-E  (meV)F

d
I /
d
U

 (
a
.u

.)
 

1

2

3

4

1

2

d
I/
d
U

 (
a
.u

.)
 

DP

pristine
Sb Fe Te1.98 0.02 3

10 nm I
II

III

100nm

defect IIIdefect I defect II

 1nm

(a) (b)

(c)

(d)

VB CB

200100 300
E-E  (meV)F

   1nm    1nm

200
E-E  (meV)F

0

2

1

dI
/d
U

 (a
.u

.) 

defect I
 defect II

FIG. 8. Scanning tunneling microscopy and spectroscopy data
obtained on Fe-doped Sb2Te3. The dopants’ concentration amounts
to 0.5% Fe in each Sb layer. (a) Topographic images reveal the
existence of two predominant doping sites (see white boxes labeled I
and II). An additional but less frequently observed appearance is also
found (see III). (b) Local density of states acquired over a defect-free
area [see arrow in (a)]. (c) Atomically resolved images allow to
precisely identify defects I and II as Fe atoms substituting Sb in
the second and fourth layers of the Te-Sb-Te-Sb-Te quintuple-layer
structure, respectively. Defect III is structurally equivalent to I but
characterized by a different contrast. (d) Local density of states
acquired by positioning the tip on top of the dopants.

that in the Fe case an additional but less frequently observed
appearance is found for dopants residing in the first Sb layer
[defect III in Fig. 8(c)]. This site is structurally equivalent to I
but characterized by a different contrast. Although a definitive
conclusion can not be drawn at the moment, we speculate that
defect III might be related to Fe atoms in a different oxidation
state [71]. Dopants substituting the second Sb layer (defect
II) appear as starlike features. This scenario is different with
respect to the one observed in Cr- and Mn-doped samples,
where triangular depressions are visible for both doping sites.
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Since all magnetic TM elements are occupying the very same
crystal site, they are always perturbing the very same bonds.
The different appearance visible on the surface is thus a direct
signature of a TM-dependent impurity-host hybridization.
Along this line, strong similarities are also expected to manifest
in the electronic structures, with V- and Fe-doped samples on
one side and Cr- and Mn-doped samples on the other side.

Electronic aspects have been investigated by analyzing the
local density of states as inferred by STS measurements. Panels
(b) of Figs. 5–8 show the results obtained by positioning
the tip away from any defects [see arrows in panels (a)]. As
described in Refs. [16,72], the minimum visible in the spectra
marks the position of the Dirac point. The sharp conductance
increases above and below the Dirac point can be used to
map the position of valence band maximum and conduction
band minimum. Their difference results in a bulk gap of
approximately 175 meV, in good agreement with previous
reports [16,69,72].

The impact of the dopants onto the sample electronic
properties has been analyzed by acquiring STS spectra with
the tip positioned directly on top of the two different magnetic
dopants (I and II). For both V and Fe, these spectra [reported
in panels (d) of Figs. 5–8] highlight the emergence of broad
resonances residing within the bulk gap at energies close to
the Dirac point. Quite contrary, data acquired over Cr and Mn
dopants do not evidence any additional feature, as these spectra
are virtually identical to those obtained in defects-free samples
areas. These experimental observations are in agreement with
the theoretical calculations presented in Sec. II B 3 which
showed that V and Fe atoms generate a substantial impurity-
induced spectral weight at the Dirac point, whereas Cr and Mn
leave the Dirac node almost unaffected (see Fig. 4). Overall,
these findings indicate that magnetic impurities can profoundly
alter the density of states within the bulk gap, making the
observation of a magnetic-induced opening in the surface Dirac
cone impossible. This is not only the case in V- and Fe-doped
samples, where strong impurity resonances can effectively fill
the magnetic gap. Indeed, although being strongly suppressed,
a nonvanishing contribution to the total density of states is
present also for Cr and Mn. This is clearly evidenced by the
Cr-doped sample where, despite the presence of long-range
ferromagnetic order (see XMCD data and related discussion),
the surface remains gapless as highlighted by the zoomed STS
spectrum [see Fig. 6(b): the differential conductivity never goes
to zero but simply reaches a minimum].

V. RESONANT PHOTOEMISSION MEASUREMENTS

In this section we shall discuss resonant photoemission data
that were obtained for the same V-, Cr-, Mn-, and Fe-doped
Sb2Te3 samples studied by STM/STS in the previous section.
This method provides a rather direct estimate of the 3d impurity
DOS in the valence band by exploiting their strongly enhanced
photoemission cross section for excitation energies close to the
2p-3d x-ray absorption (XAS) maximum [74,75]. Typically,
this is achieved by considering the difference between an “on-
resonant” spectrum, obtained at the XAS maximum, and an
“off-resonant” spectrum, obtained at an energy just below the
XAS threshold. The results can be directly compared to the
calculated DOS in Sec. II, thus complementing the STS data
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FIG. 9. Angle-resolved resonant photoemission data for V-doped
Sb2Te3. On- and off-resonant data sets, as well as corresponding
second-derivative images, are shown in (a) and (b), respectively [cf.
Fig. 10(a) for the correspondingL3 XAS spectrum]. Despite the strong
p doping of Sb2Te3, the tails of the topological surface state (TSS)
extending into the valence band are observed [73]. In the on-resonant
data in (b), a dispersionless feature is observed near the Fermi level,
which is attributed to a V 3d impurity band [11].

which cannot access electronic states residing well below the
Fermi level.

The resonant photoemission data were obtained at beamline
P04 of the PETRA III storage ring at DESY (Germany) using
the ASPHERE III setup designed for soft x-ray photoemis-
sion experiments. The measurements were performed with
a Scienta R4000 spectrometer at a base pressure of about
3 × 10−10 mbar and a temperature of about 30 K. The energy
resolution was about 100 meV and for all measurements
circularly polarized light has been used.

Figures 9(a) and 9(b) display angle-resolved off- and on-
resonant photoemission data for V-doped Sb2Te3 showing
well-defined band dispersions. Due to the strong intrinsic
p-type doping, the Dirac point of the topological surface state
(TSS) lies above the Fermi level and, hence, is inaccessible
to photoemission. This is in agreement with our STS results
in Fig. 2. However, the high-binding-energy tails of the TSS
extend into the valence band up to a binding energy of about
0.3 eV, as shown previously for undoped Sb2Te3 by high-
resolution ARPES [73]. Remarkably, the TSS can also be
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FIG. 10. Resonant photoemission data for (a) V-, (b) Cr-, (c) Mn-, and (d) Fe-doped Sb2Te3. The top panels show the respective 2p-3d L3

absorption edges. The markers indicate the photon energies hν used for the resonant photoemission measurements shown in the middle panels.
The photoemission spectra in (b) and (d) are offset, with the bottom (top) spectrum corresponding to the lowest (highest) photon energy. The
off-resonant spectrum in (c) was acquired at hν = 635 eV, as indicated by the arrow. The pronounced features at higher binding energy in the
two topmost spectra in (b) are artifacts arising from the second harmonic of the beamline and the energetic overlap between the Cr 2p and Te
3d core levels (see XAS spectrum). The bottom panels show the difference between an on-resonant and an off-resonant spectrum, which are
indicated by thick lines in the middle panels. The difference spectra provide an estimate of the 3d impurity DOS that can be compared to the
corresponding theoretical calculations in Fig. 2.

discerned in the present soft x-ray ARPES data, as indicated
in Fig. 9(a).

In order to address the V 3d states, we consider the second-
derivative images in Figs. 9(a) and 9(b) (right panels), that were
obtained from the raw-data sets (left panels). In the on-resonant
image one can discern a weak, dispersionless feature near the
Fermi level that is absent in the off-resonant image and, hence,
is attributed to a V 3d impurity band. The presence of V states
near the Fermi level is further demonstrated by the angle-
integrated data in Fig. 10(a). The on-resonant spectrum shows a
shoulder at a binding energy of about 0.15 eV, leading to a line-
shape deviation from the off-resonant spectrum. The resulting
difference spectrum indicates a metallic V 3d DOS extending
down to a binding energy of about 0.5 eV. This observation is in
good agreement with our theoretical calculation of the V DOS
shown in Fig. 2 and with previous measurements for V-doped
(BiSb)2Te3 thin films [11]. In particular, the direct comparison
appears to favor the calculation without an additional onsite
interaction parameter U , possibly indicating a minor role
of correlation effects. Interestingly, our photoemission data
demonstrate an energy overlap of V impurity states and the
TSS, facilitating an interaction between them, as observed in
our STS experiments in Sec. IV and in previous reports [16].

Resonant photoemission data for Cr-doped Sb2Te3 are
displayed in Fig. 10(b). The photon energy-dependent spectra
across the Cr L3 edge show a resonating feature at a binding

energy of about 1.7 eV. Accordingly, the difference spectrum
indicates a maximum in the Cr 3d DOS at this energy. This
finding is in good agreement with our theoretical results for Cr
reported in Fig. 2.

Figure 10(c) shows resonant photoemission data for Mn-
doped Sb2Te3. We find a pronounced Mn 3d feature at a
binding energy of about 3.3 eV. Furthermore, an additional
hump centered at about 0.3 eV binding energy leads to a
finite DOS at the Fermi level. These observations are in good
agreement with our calculations (see Fig. 2). Similar features
in the Mn DOS have also been found for (Ga,Mn)As [75].

The resonant photoemission data for Fe-doped Sb2Te3

reported in Fig. 10(d) show a main peak centered at a binding
energy slightly below 3.0 eV. This is in line with our theoretical
predictions which evidence a maximum in the Fe 3d majority
states at similar energies (see Fig. 2). The experimental data
also suggest the presence of Fe states near the Fermi level,
which our calculations can directly link to the presence of a
metallic 3d minority band.

VI. XMCD MEASUREMENTS

To probe the magnetic properties of the TM dopants embed-
ded in the TI host, XMCD measurements were performed at
the BOREAS beamline of the ALBA synchrotron light source
[76] and at the ID32 beamline of the European Synchrotron
Radiation Facility [77]. The samples were cleaved in situ
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FIG. 11. X-ray absorption (XAS) and magnetic dichroism (XMCD) spectra at the L2,3 edges (2p-3d transition) of the TM element from
(a) V-, (b) Cr-, (c) Mn-, and (d) Fe-doped Sb2Te3 single crystals. The XAS spectra for left (LCP) and right (RCP) circularly polarized light are
shown in the upper panels (red and blue curves, respectively). The corresponding XMCD spectra, defined as (R − L)/(R + L), are shown as
the black curves in the lower panels, and reveal a sizable localized magnetic moment carried by the 3d states.

under UHV conditions. The experiments were carried out
at temperatures T < 10 K in the total electron yield mode,
which makes our measurements mostly surface sensitive. In
Fig. 11 we plot the L-edge absorption spectra for left and right
circularly polarized light (red and blue curves, respectively)
and their corresponding XMCD spectra (black curves) for each
of the Sb2Te3 systems doped with (a) V, (b) Cr, (c) Mn, and (d)
Fe, measured under a magnetic field applied along the surface
normal. The strong contribution of the background in the XAS
line shapes is related to the low concentration of the dopants.
The Sb2Te3 single crystals exhibited slightly different dopant
concentrations, namely, 1.5% V, 1.5% Cr, 1.5% Mn, and 0.5%
Fe in each Sb layer. Despite the complex multiplet fine structure
of the TM L edges and the clear overlap between the Cr L and
Te M edges, no sign of contaminated (oxidized) TM species
was observed in the system. A clear XMCD signal is detected
in all our samples, proving that V, Cr, Mn, and Fe dopants
carry a net magnetic moment once embedded into Sb2Te3.
Our results for V- and Cr-doped Sb2Te3 qualitatively reproduce
previous XMCD studies [16,27] whereas no similar study has
been found for the Mn- and Fe-doped systems.

Although doping with V, Cr, Mn, and Fe always results in the
introduction of magnetic moments into the system, the long-
range magnetic properties can be strongly TM dependent. This
is expected because of the element-specific p-d hybridization
between dopant and host material, which plays a crucial role
in mediating the coupling between magnetic moments in TM-
doped TIs.

These aspects have been investigated by measuring
hysteresis loops at the L3 XMCD maximum, for a magnetic
field applied at different angles θ with respect to the surface
normal. The systems studied here showed very different
macroscopic magnetic behaviors. In Fig. 12 we show the
resulting magnetization curves for θ = 0◦ (full circles) and
θ = 60◦ (hollow circles) for (a) V-, (b) Cr-, (c) Mn-, and
(d) Fe-doped systems. For the V- and Cr-doped samples, a
ferromagnetic hysteresis curve can be seen, showing a clear
trend towards an out-of-plane ground-state magnetization.
In particular, the V-doped sample exhibits an opening of
the hysteresis loop, with a coercivity of approximately
150 mT, as seen in the inset in Fig. 12(a). For Cr, a collective
ferromagnetic response is highlighted by the steplike behavior
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FIG. 12. Hysteresis loops taken at the L3 XMCD maximum of
each TM element for (a) V-, (b) Cr-, (c) Mn-, and (d) Fe-doped
Sb2Te3 single crystals for magnetic field applied at angles θ = 0◦

(full circles) and θ = 60◦ (hollow circles) with respect to the surface
normal. V- and Fe-doped samples show a paramagnetic response at
these low concentrations (see text), whereas the Mn-doped samples
are rather isotropic and Cr-doped samples tend to favor an out-of-plane
easy axis, as expected for QAH systems. The different macroscopic
magnetic properties are determined by the doping concentration and
the strength of the p-d hybridization between the impurity and host
states, which ultimately determine the dominant magnetic interactions
in the system.

of the hysteresis curve. However, the coercivity in this
case could not be measured, being it smaller than the
resolution of our measurements. The Mn-doped sample
showed the largest XMCD signal, which is indicative of a
high-spin configuration of the dopants. However, long-range
magnetic order is absent in this system: the hysteresis
loops show no sign of saturation up to a field of 6 T.
Furthermore, data taken along normal and grazing magnetic
field directions are indistinguishable, indicating the absence of
any detectable preferred magnetization direction. Finally, the
Fe-doped sample showed a paramagnetic behavior. The low
concentration results in a small signal which makes it difficult
to draw definitive conclusions over the magnetic easy axis.

On the basis of the results of our theoretical studies (see
also the discussion in the last two paragraphs at the end of
Sec. II B 4), it seems that V and Mn are the only two cases
where a RKKY type of interaction could be the origin of FM
order. The hysteresis results presented here suggest that in the
case of V, the carrier concentration provided by the dopants
might be enough to establish a FM ground state. In the case
of Mn, the observation of a very weak magnetic signal leads
us to exclude the presence of a robust FM state. In this case,
other types of disordered magnetic states, possibly related to
spin-glass states, can occur.

FIG. 13. XAS and XMCD spectra at the Sb M4,5 edges (3d-5p

transition). Upmost panel: XAS line shape for incident left (blue)
and right (red) circularly polarized light, from a Cr-doped Sb2Te3

sample. Lower panels: corresponding XMCD spectra (black curves).
The XMCD signal seen at the Sb M edges is attributed to a partial
spin polarization of the Sb p states at the valence band via p-d
hybridization with the impurity states of the neighboring TM ions.

As previously discussed, the magnetic impurities are ex-
pected to induce a magnetic moment in the neighboring Te and
Sb atoms via p-d hybridization. This has been directly detected
by XMCD measurements. Figure 13 (upmost panel) shows an
example of the Sb M4,5-edge line shapes for left and right
circularly polarized light (blue and red curves, respectively),
measured at a Cr-doped sample. They show no sign of oxygen
contamination (O K edge lies at 535 eV) and are highly
reproducible in all samples. The lower panels show the Sb
M4,5 XMCD spectra for samples doped with the different
transition metals, as labeled in the figure. The intensity of this
signal depends on the dopant concentration and the degree
of p-d hybridization. In V, Cr, and Mn-doped samples, our
measurements reveal a small magnetic dichroism at the SbM4,5

edge. The XMCD signal has an opposite sign as compared to
the corresponding TM L edges. This proves the existence of
ferromagnetic coupling between TM and Sb ions. All these
observations are in agreement with our theoretical predictions.
The Fe case could not be experimentally scrutinized. The
magnetic polarization of Sb induced by Fe, if any, is below
our detection limit due to the three times lower amount of Fe
in the sample, as compared to the other 3d elements.

Finally, we would like to compare the experimental and
theoretical magnetic anisotropy directions. For Cr-doped
Sb2Te3, our calculations predict an out-of-plane easy axis
for both surface and bulk dopants, perfectly in line with the
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experimental results. On the other hand, for V-doped samples
our calculations predict a strong in-plane anisotropy at the
surface and a weak out-of-plane anisotropy in the bulk. This
seemingly apparent discrepancy between theory and exper-
iments can be explained by considering the XAS/XMCD
probing depth. Indeed, although being very surface sensitive,
our measurements do not exclusively access the very top layer
but probe the sample up to a thickness of a few nanometers.
Furthermore, the presence of bulk long-range ferromagnetic
order can effectively act onto the surface magnetic moments,
forcing them to align along the surface normal. This observa-
tion also explains the experimental data obtained on Mn-doped
samples. According to our calculations, Mn surface and bulk
impurities are predicted to have in-plane and out-of-plane
easy axis, respectively, with the strength of the magnetic
anisotropy energy being roughly the same for the two cases.
Summing these two contributions results in the absence of
any preferred direction, in agreement with our experimental
evidence. In conclusion, we can say the experimental results
for the magnetic anisotropy axis are consistent with the results
of the theoretical calculations for those cases, like Cr, where
theory predicts the same easy axis for both bulk and surface
doping. For the impurities where theory and experiment do
not agree, such as V, the discrepancy is most likely due to
the fact that our surface calculations are done by substituting
a Sb atom by an impurity only at the topmost Sb layer.
Therefore, the effect of bulk magnetic order on the surface
properties is not accounted for in the surface calculations. In the
experiment, however, impurities are distributed throughout the
entire sample. Therefore, the presence of bulk magnetic order,
interplaying and possibly competing with surface effects like
in the case of V, can influence the easy axis of system. Note that
V and Mn are the two cases for which our calculations predict
that bulk anisotropy and surface anisotropy (see Table II) have
opposite easy axis. For this situation, the final outcome of the
overall anisotropy might depend on details which are difficult
to disentangle theoretically.

VII. CONCLUSIONS

In this work we have investigated the electronic and mag-
netic properties of Sb2Te3 doped with different substitutional
transition metal impurities (namely, V, Cr, Mn, Fe). Our calcu-
lations show that magnetic impurities induce spin polarization
at the host atoms. Both in bulk and in surface doping V, Cr,
and Mn couple antiferromagnetically with the NN Te atoms,
while Fe couples ferromagnetically. In all cases, the impurity
atom couples ferromagnetically with NN Sb host atoms.

The magnetic anisotropy of TM doped Sb2Te3 depends not
only on the type of TM impurity, but also on its position.
Specifically, the theoretical results have shown that while the
easy axis for V and Mn is out of plane for bulk impurities,
it becomes in plane for surface impurities. For Cr doping the
easy axis is along the out-of-plane direction for both bulk and
surface doping. Fe is the only impurity displaying an in-plane
anisotropy for both bulk and surface doping.

One of the important conclusions of this work is that
substitutional magnetic TM impurities do not necessarily open
a gap at the DP. This apparent contradiction is effectively
explained by the possible presence of impurity resonances.

Specifically, in the case of V and Fe, we find that impurity
states appear to significantly contribute to the density of states
at energies close to the DP.

These theoretical predictions have been compared with
experimental results. In agreement with DFT calculations, STS
data revealed that both V and Fe dopants introduce strong
impurity states within the bulk gap, whereas no resonances
are detected for Cr and Mn. The use of resPES allowed us
to directly access the 3d character of the impurity states,
further corroborating the validity of our calculations. Finally,
the magnetic properties have been experimentally scrutinized
by XMCD measurements. All dopants have been found to
induce a magnetic moment in the Sb atoms, signaling the
p-d hybridization taking place between impurities and host
material. On the other hand, long-range magnetic order is
established only for V- and Cr-doped samples.

The results of the present joint theoretical and experimental
study have implications for the understanding of the micro-
scopic nature of the QAHE in magnetically doped TIs, and
provide indications of the most promising systems that could
display enhanced forms of QAHE. One conclusion of our work
is that, for the same host material Sb2Te3, the compliance
of the canonical conditions for the realization of the QAHE,
i.e., robust long-range ferromagnetic order with out-of-plane
anisotropy and absence of bulk conducting states in the vicinity
of the Dirac point, depends crucially on the nature of the
doping. For this reason, Mn and Fe are not expected to satisfy
the conditions for the onset of the QAHE, mainly due to the lack
of a robust ferromagnetic order. Of the other two impurities,
Cr is the most clear-cut system to host a robust QAHE: it
displays a reasonably strong out-of-plane ferromagnetic order
(in this case, our theoretical results agree with experiment)
and no extra states appear in the bulk gap as a result of doping.
Our results for Cr are in agreement with a recent theoretical
study [44], which for these reasons finds Cr-doped Sb2Te3 (and
BiSb2Te3) to be the best candidate to host a robust QAHE
and suggests ways to further enhance the temperature range
where it can occur. V doping is perhaps the most interesting
and challenging case of the four investigated. For this impurity,
XMCD results indicate the presence of strong ferromagnetic
order with an out-of-plane easy axis. On the other hand, the
presence of impurity states in the bulk gap of TI in the vicinity
of Dirac point is now confirmed by both experimental and
theoretical studies and defies the second condition for the
QAHE [16]. The observation of a clear QAHE for this system
[9], essentially with the same degree of precision found in
Cr-doped Sb2Te3, can possibly be explained by invoking the
existence of a mobility gap, similar to the one responsible
for the perfect Hall quantization in GaAlAs 2D electron gas
systems. Given this more complex scenario, further rational
quantum engineering and material optimization of V-doped
Sb2Te3 TI, for example by codoping, in order to enhance
its QAHE properties, is probably more challenging than for
Cr-doped TIs.
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