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Introducing magnetic exchange interaction into topological insulators is known to break the time-reversal
symmetry and to open a gap at the Dirac point in the otherwise gapless topological surface states. This allows
various novel topological quantum phenomena to be attained, including the quantum anomalous Hall effect and
can lead to the emergence of the axion insulator phase. Among the different approaches, magnetic doping is an
effective, but still experimentally challenging pathway to provide the magnetic exchange interaction. Here we
demonstrate that epitaxial deposition of Co and Mn magnetic atoms onto the (0001) surface of the BiSbTeSe2

topological insulator with a coverage between 0.6 and 3 atoms per surface cell performed in a finely tuned
temperature range of 300◦–330◦C leads to the substitution of pnictogen atoms in the surface layer with magnetic
atoms and to the formation of a two-dimensional magnetic phase with out-of-plane magnetization as proved
by SQUID magnetometry. This magnetic layer is responsible for the appearance of a gap in the Dirac surface
state as revealed by laser-based microfocused angle-resolved photoelectron spectroscopy. Our measurements
have shown that the gap exists within the temperature range of 15–100 K, where the out-of-plane magnetization
persists. The presented experimental results are supported by relativistic ab initio calculations.

DOI: 10.1103/PhysRevMaterials.5.124204

I. INTRODUCTION

Topological insulators (TIs) are a kind of novel quan-
tum materials which are characterized by the unique bulk
band structure, where owing to a strong spin-orbit interaction
(SOI) the bulk conduction and bulk valence band parities
are inverted at a certain point in the Brillouin zone. This
band inversion gives rise to a spin-momentum locked gapless
metallic state with Dirac dispersion appearing at the surface
of the material, which is protected by time reversal symmetry
(TRS) [1,2]. By breaking TRS, e.g., via ferromagnetism, the
Dirac energy dispersion acquires a gap. This gap is required
for realization of many novel quantum effects, such as the
quantum anomalous Hall effect (QAHE), which manifests
as the dissipationless chiral edge states in the absence of an
external magnetic field, topological magnetoelectric (TME)
effects, and chiral Majorana modes [3–5].

Several approaches can be implemented to introduce mag-
netic exchange interaction in TIs. Apart from growth of
intrinsic magnetic topological insulators [6] it can be achieved
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via magnetic atom doping [7], which allowed one to realize
the QAHE for the first time in Cr0.15(Bi0.1Sb0.9)1.85Te3 [8].
Following the experimental discovery of the QAHE by Chang
et al. it has been observed and reported for the molecular-
beam-epitaxy (MBE) grown (Bi, Sb)2Te3 thin films doped
with magnetic elements such as Cr and V [9–18]. The
incorporation of Mn atoms into the TIs was revealed to
occur in different ways, depending on experimental condi-
tions: It can result in the formation of dilute magnetic alloys
(MnxA1−x )2B3 (where A = Bi,Sb and B = Se,Te) [19–25] as
well as in formation of septuple layers (SL). The latter can
occur during MBE epitaxial growth of bulk crystals when the
beams of Bi(Sb), Se(Te), and Mn atoms are incident onto the
surface resulting in the formation of self-assembled layers
of MnBi(Sb)2Se(Te)4 which randomly intersperse between
quintuple layers (QLs) of pure A2B3 (A = Bi,Sb and B =
Se,Te) [26,27]. In particular for MnBi2Te4-Bi2Te3 random
heterostructures, low-temperature photoelectron spectroscopy
measurements allowed revealing the magnetic gap of up to
90 meV [27]. It was also shown in [28] that such struc-
ture may act as “half-magnetic topological insulator” with
the magnetization existing at the MnBi2Te4 surface but not
at the opposite surface terminated by triple Bi2Te3 layers.
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Earlier, a similar gap (of ∼100 meV) was achieved in the
MnBi2Se4/Bi2Se3 two-dimensional (2D) heterostructure pre-
pared by codepositing Mn and Se on top of the Bi2Se3

surface, in which case a single MnBi2Se4 SL was formed
[29]. Several 2D heterostructures composed of TI with a mag-
netic block on top were also predicted theoretically [30,31].
The MnBi2Te4/Bi2Te3 2D heterostructure along with a more
complicated Mn4Bi2Te7/Bi2Te3 was realized recently [32].
In contrast to this, surface deposition of magnetic Fe and Co
atoms demonstrates a lot of controversy. Earlier reports on Fe
deposition at Bi2Se3 manifested a gap at the Dirac point [33].
However, latter experiments on Fe and Co deposition did not
reveal the gap opening and x-ray magnetic circular dichroism
(XMCD) measurements have shown absence of ferromagnetic
ordering [34–37]. At the same time it was shown by x-ray ab-
sorption fine structure (XAFS) measurements that annealing
of iron deposited at the Bi2Se3 surface up to 520 K can lead
to the formation of the α-FeSe phase [38]. The surface band
gap of ∼100 meV was observed in epitaxial (Bi1−xMnx )2Se3.
However, it was shown that this gap is neither due to ferro-
magnetic order in the bulk or at the surface nor to the local
magnetic moment of the Mn. It was demonstrated using res-
onant photoemission that resonance states present in the bulk
gap and suggested that the gap at the Dirac point is caused by
strong resonant scattering processes [39]. On the other hand,
angle-resolved photoelectron spectroscopy measurements on
V-doped (Bi, Sb)2Te3 do not reveal the gap at the Dirac point
down to 1 K [40]. The observed controversy is related to de-
position conditions such as coverage, deposition temperature,
and post-growth annealing.

In the present work, we report on the successful experi-
mental manifestation of the gapped Dirac state in BiSbTeSe2

(hereinafter BSTS2) TI with a precisely magnetically doped
surface layer. In contrast to the prototype three-dimensional
TIs, such as Bi2Se3 and Bi2Te3, which have a significant
bulk conductance due to the intrinsic defects and the resulting
unintentional bulk doping, BiSbTeSe2 exhibits a surface-
dominated conductivity [41,42]. We show that in the range
of surface coverage of 0.6–3 atoms/cell, deposition of cobalt
performed at 300◦–330◦C, results in formation of ferromag-
netic surface QL with Co substitution for Bi and emergence of
a gap of 21 ± 6 meV in the surface Dirac spectrum. Increasing
the Co coverage leads to formation of islands of paramag-
netic orthorhombic CoTexSe2−x phase. Similar results were
obtained for Mn deposition, where the gap in the Dirac state
was found to be 37 ± 9 meV.

II. METHODS

BSTS2 monocrystalline substrates were made from BSTS2
bulk monocrystals, which were grown by the modified vertical
Bridgeman method from the previously synthesized mixture
of 5N pure Bi, Sb, Te, and Se.

Clean TI surfaces were obtained by the cleaving with a
scotch tape and a subsequent vacuum annealing at 330 ◦C
during 30 min under 10−8 mBar pressure. Co and Mn were de-
posited from a conventional e-beam source, and Co was also
deposited with the use of the laser molecular beam epitaxy
(MBE) system (produced by Surface, GmbH) based on a KrF

excimer laser. Both materials were deposited on BSTS2 at
temperatures ranging from room temperature (RT) to 330 ◦C.

The amounts of Co and Mn coverage were estimated from
flux calibration carried out by a quartz thickness monitor and
expressed as the number of adsorbate atoms per the 4.4 Å ×
4.4 Å rhombic surface unit cell of BSTS2. This coverage was
up to 3 Co atoms and 1.36 Mn atoms per unit cell. Additional
experiments with a Co coverage of 135 atoms per unit cell
were also carried out.

The electronic structure of the grown samples was stud-
ied by laser-based microfocused angle-resolved photoelectron
spectroscopy (laser-μARPES) at a 13- to 150-K temperature
range. The laser-μARPES method is a powerful tool for
studying the electronic band dispersion in general and fine
features of the surface band structure like gapped Dirac cones.
To select the direction in the k space used for laser ARPES
studies, Lauegrams of each sample were measured and used
for the sample orientation along high symmetry directions.
To identify the precise �-point position, reciprocal space (kx,
ky) mapping around the � point was carried out. The sample
surface composition was studied by the x-ray photoelectron
spectroscopy (XPS) using an SPECS photoelectron spectrom-
eter with a PHOIBOS 150 MCD 9 hemispherical analyzer
and a FOCUS 500 x-ray monochromator (AlKα emission
line, hν = 1486.74 eV). The binding energy scale was cali-
brated using the Au 4 f7/2 (84.0 eV) core level position. The
Co/BSTS2 surface morphology was studied using atomic
force microscopy (microscope produced by NT-MDT).

Magnetization measurements were carried out using a
Quantum Design MPMS-XL SQUID magnetometer at fields
up to 1 T applied along one of the crystal axes. The data
were collected upon sweeping the temperature in the range
1.8–250 K, with averaging the records from several cooling-
heating runs to reduce the data dispersion. By subtracting the
value of magnetization measured at T=250 K, M250K, from
the M(T) curve we could therefore get rid of all extrinsic
contributions together with the predominant intrinsic diamag-
netic contribution of the BSTS2 crystal and emphasize the
magnetization features emerging at low temperatures.

Density functional theory calculations were performed
by using the Vienna Ab initio Simulation Package (VASP)
[43,44], with core electrons represented by projector aug-
mented wave (PAW) potentials [45,46]. We used generalized
gradient approximation (GGA-PBE) [47] to describe the
exchange-correlation potential. DFT-D3 van-der-Walls cor-
rection method with Becke-Johnson damping [48] was
applied for accurate structure optimization of the doped topo-
logical insulators. For calculation of the total energy of
CoTeSe in ferromagnetic and paramagnetic phases we applied
the special quasirandom structures (SQS) approach [49] to
construct a 2 × 2 × 2 supercell using the SUPERCELL program
[50] to randomize Te and Se atoms on chalcogen sublattice as
well as Co magnetic moments in the paramagnetic phase.

III. RESULTS

A. Band gap opening in the BSTS2 induced by the Co deposition

The BSTS2 (0001) surface was prepared by the cleav-
age in ultrahigh vacuum (∼10−10 mbar). The laser-ARPES
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FIG. 1. Laser-ARPES spectra measured at 13 K of a clean
cleaved BSTS2 surface (a) and a BSTS2 surface with 1.5 Co atoms
per BSTS2 unit cell deposited at room temperature (b). The inserts
in the figures show corresponding LEED patterns.

dispersion map of the fresh BSTS2 surface demonstrates the
presence of a holelike state with a quasilinear dispersion at
the Fermi level [Fig. 1(a)]. This surface is characterized by
the (1 × 1) LEED pattern [insert in Fig. 1(a)]. The linear-
dispersing state can be easily identified as the topological
surface state (TSS) with the Dirac point being present at the
Fermi level. Under such conditions, the observation of any
changes in the electronic structure of the TSS near the Dirac
point by ARPES would be complicated. In contrast, Fig. 1(b)
demonstrates the laser-ARPES map measured for the BSTS2
surface with a large amount of Co deposited at room temper-
ature which will be discussed further.

Deposition of an ultrasmall amount of Co atoms (about
0.1–0.2 atoms per surface cell of BSTS2) at room temperature
leads to the downward band bending (electron doping) mak-
ing the Dirac point easily accessible [Fig. 2(a)]. Figures 2(b)
and 2(c) show zoomed images of the spectrum and its sec-
ond derivative, respectively. Further Co deposition at room
temperature leads to progressive surface disordering and at
coverage of 1.5 Co atoms per cell to complete disappearance
of band dispersion in the laser-ARPES map [Fig. 1(b)] and to
degradation of the LEED pattern [insert in Fig. 1(b)]. Unlike
previous studies reporting on retention of the ARPES band
dispersion at similar magnetic adsorbate coverage deposited
at room temperature [36,51–53], the disappearance of band
dispersion in our laser-ARPES experiment apparently can be
explained by much lower photon energy and consequently,
much lower photoemitted electron kinetic energy (1–2 eV) in
the laser-ARPES as compared with synchrotron or gas dis-
charge lamp-based ARPES, which leads to higher sensitivity
of this technique to large work function variations across the
sample surface.

In contrast to the low temperature experiment, Co depo-
sition in the temperature range of 300◦–330◦C retains the
surface ordering up to 3 Co atom/cell and as a result the band
structure is clearly visible in the ARPES spectra [Figs. 2(d)–
2(h)]. Starting from the coverage of 0.6 atom/cell the TSS
exhibits a gap in the Dirac point. Figures 2(e) and 2(f) show
zoomed images of the spectrum at 0.6 Co atom/cell and its
second derivative, respectively. The gap size for the cover-
age of 0.6 atom/cell is deduced from the energy distribution

curves (EDCs). For accurate determination of the gap we have
selected several EDCs at different k‖ [Fig. 2(i)]. The data in
Fig. 2(i) were fitted using two Voigt profiles for the lower and
upper Dirac cone states and a Shirley-type background. The
third Voigt profile was added to account for the asymmetry of
the upper Dirac cone. The third peak shows a clear electron-
like dispersion and can indicate formation of a new crystalline
phase at the BSTS2 surface. The derived energy positions of
the fitted peaks for different k‖ are shown in Figs. 2(e) and
2(f). The fitted gap width at the �̄ point for 0.6 atom/cell
coverage was defined as 21 ± 6 meV.

The dependence of the gap size on the amount of deposited
cobalt is shown in Fig. 2(j). It was found to be constant within
the measurement error and not dependent on the amount of
deposited cobalt at low coverages between 0.6–1.5 at./cell.
Despite broadening of the EDC peaks and reducing signal-
to-noise ratio of the spectra for Co deposition of 3 at./cell,
we have estimated the gap in this case as 37 meV. This value
is considerably larger than that at lower coverage. Besides,
in this case the band structure is shifted towards the Fermi
level as compared to lower coverage. Both factors can indicate
additional changes in surface conditions at 3 at./cell coverage.
Unfortunately, the gap cannot be resolved at the higher Co
amount and its further behavior with increasing Co cover-
ages was inaccessible to the ARPES. Our measurements have
shown that the gap width is weakly temperature dependent in
the range of 13–150 K (see Fig. S1 in Supplemental Material
[54]). At similar deposition conditions we have observed an
analogous band bending and a gap opening upon submono-
layer deposition of Mn [54].

To better understand how the deposited cobalt modifies
the BSTS2 surface we have performed an atomic force mi-
croscopy (AFM) study of the surface morphology at different
cobalt coverages. The AFM image of a clean BSTS2 surface
is shown in Fig. 3(a) while the surface morphologies resulting
from effective Co coverage of 1.2, 3, and 135 Co atoms per
BSTS2 unit cell are shown in Figs. 3(b), 3(c) and 3(d), re-
spectively. At the early deposition stage, islands with a lateral
size of about 30–40 nm and a height of a few nm grow on the
BSTS2 surface. These islands get progressively larger as more
Co is deposited. At a coverage of 135 Co atoms per unit cell
a system of three-dimensional long stripes oriented at 120◦
to each other is formed at the surface. The crystal structure of
the adsorbate layer can be extracted from the RHEED patterns
taken in the [010] azimuth and shown in the insets in Fig. 3.
As the amount of deposited cobalt is increased, the initially
streaky pattern of the clean BSTS2 surface gets gradually
replaced by the pattern of the adsorbate layer characterized
by a slightly larger interstreak distance. The streaks of the
substrate and the overlayer can be seen simultaneously at the
coverage of 3 Co atoms per unit cell while at a much higher
coverage of 135 Co atoms per unit cell the intensity modu-
lations appear along the streaks allowing identification of the
crystal structure of the adsorbate layer. The lattice parameters
of this layer were calculated using the absolute RHEED map
scale derived from the earlier measured BSTS patterns for
which the lattice constants are exactly known.

The rather complicated RHEED pattern was deciphered
using the three-dimensional (3D) mapping RHEED anal-
ysis technique [55]. This method allows obtaining three-
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FIG. 2. Laser-ARPES studies of the Co-BSTS2 system near the Dirac point at 13 K. Changes in electronic structure of the BSTS2 surface
resulting from deposition of 0.15 (a), 0.6 (d), 1.5 (g), and 3 (h) Co atoms per BSTS2 unit cell at the substrate temperature of 300◦C. Appearance
of the energy gap at the Dirac point can be clearly seen in spectra (d)–(h). Regions of the ARPES spectra of BSTS2 topological surface states
near the Dirac point (�-K direction) for samples with a coverage of 0.15 (b) and 0.6 (e) Co atoms per BSTS2 unit cell with their second
derivatives d2I/dE 2 (c) and (f), respectively. (i) EDC intensity profiles for different k‖ values of the spectrum (d) in this figure (0.6 Co atoms
per unit cell). The data were fitted using two Voigt profiles for the lower (red curve) and the upper (blue curve) Dirac cone states, and a Shirley
background; the third Voigt profile (green curve) was used to account for the asymmetric lower binding energy tail of the spectral weight. The
derived energy positions of the fitted peaks are plotted as points and dashed lines in (e) and (f). (j) The gap width dependence on the amount
of cobalt deposited.

dimensional reciprocal space maps from a sequence of
diffraction patterns taken during a fine-step rotation of the
sample. The obtained 3D maps consisting of dense stacks
of Ewald spherical sections can be conveniently analyzed by
performing planar cuts perpendicular to the chosen crystal-
lographic axes. Looking at the reciprocal space plan view
projection [viewed along the surface normal, see details for
further discussion in Fig. 3(e)], one can notice three sets of
primitive rectangular lattices. The size of the corresponding
direct space unit cell can be estimated as 5.86 Å and 3.66 Å.
The three sets are rotated by 120◦ with respect to each other
around the surface normal in full accordance with the C3 sym-
metry of the substrate surface. The side cuts of the reciprocal
space can be fit with a rectangular net of nodes with an out-of-
plane distance of 4.99 Å. The H0L plane exhibits systematic
absences of type H + K = 2n (n – integer), corresponding to

the presence of a glide plane. With known unit cell parameters
and a good match of reciprocal space nodes, including the
systematic absence of several nodes, it becomes possible to
identify the crystal structure with a sufficient accuracy. The
two closest matches with a space group No. 58 Pmnn are
CoSe2 (4.896 Å, 5.821 Å, 3.643 Å) and CoTe2 (5.301 Å,
6.298 Å, 3.882 Å). With the former lattice being slightly
smaller and the latter one slightly larger than the one observed,
we assume that the layer formed due to cobalt deposition has
a mattagamite-type CoTexSe2−x structure. The revealed epi-
taxial relations are [100] CoTexSe2−x ‖ [001] BSTS2; [001]
CoTexSe2−x ‖ 〈01̄0〉 BSTS2. Our finding is in agreement with
the earlier observation of CoTe2 (CoSe2) compounds forming
upon Co deposition on Bi2(Te, or Se)3 in Ref. [56].

A rough estimation shows that a cobalt coverage of 1.2
atoms per BSTS2 unit cell is sufficient to build a 4.6-Å uni-
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form layer of mattagamite or to cover 20% of the surface
with islands of 23 Å in height. The latter configuration is
very similar to that shown in Fig. 3(b). This allows us to
suppose that most of the deposited cobalt atoms spent on the
formation of CoTexSe2−x islands, while a smaller amount of
cobalt atoms remains diluted within the BSTS2 surface layer.

Comparing AFM, RHEED, and ARPES data we assume
that an almost uniform layer is formed on the BSTS2 surface
at or below cobalt coverage of 0.6 atoms per BSTS2 unit cell
opening the gap in the band structure. Simultaneously or just
after Co dilution in the QL fully completes, the mattagamite
islands nucleate on top, masking the modified BSTS2 surface,
which results in broadening of ARPES spectra but does not
affect the gap.

B. Electronic structure calculations for Co-doped TIs

To shed light on the effect of deposited Co on the electronic
structure of the BSTS2 topological insulator we performed
density functional theory (DFT) calculations. In contrast to
the prototypical topological insulators such as Bi2Te3, Bi2Se3,
and Sb2Te3 which are intrinsically n- or p-doped insulators
showing metallic bulk conductivity, BiSbTeSe2 is a com-
pensated insulator due to suppression of the defect-induced
charge density by mixing of Bi with Sb, and Te with Se
in pnictogen and chalcogen sublattices, respectively. How-
ever, as far as the defect-induced doping is absent in DFT

calculations we have considered the substitutional Co atoms
incorporated into Bi(Sb) sites in three parent binary com-
pounds. As the initial guess for the structure of the Co
submonolayer coverage, we assume that pnictogen atoms in
the top layer of the BSTS2 substrate are partially substituted
by cobalt. At a higher coverage this naturally serves as a pre-
cursor for the nucleation of the orthorhombic mattagamitelike
phase observed by RHEED. For this reason we have chosen
a

√
3 × 2 rectangular surface cell containing four atoms in

each atomic layer. Within this cell one of the four pnictogen
atoms in the second atomic layer is replaced by a Co atom
[see Figs. 4(a) and 4(b)]. It should be noted, that the calcu-
lated Co magnetic moments have preferable out-of-plane spin
orientation that is energetically favorable with respect to their
in-plane alignment for all considered systems. The magnetic
moments were found to be the same, 2.46 μB, for Co in Bi2Te3

and Sb2Te3, while it is a bit larger for Bi2Se3, being equal
to 2.56 μB. The spectra of

√
3 × 2 slabs of Bi2Te3, Bi2Se3,

and Sb2Te3 are presented in Figs. 4(c)–4(e). All spectra show
a gap in the Dirac state that equals to 14 and 12 meV for
Bi2Te3 and Bi2Se3, respectively, while it is noticeably larger,
43.5 meV, for Sb2Te3. However, decreasing Co concentration
in the Sb layer of Sb2Te3 by constructing larger surface cells
to 1/6 (

√
3 × 3) and to 1/12 (2

√
3 × 3) leads to an almost

linear decrease in the gap [Fig. 4(f)]. In general, the gap width
in the parent binary TIs with a moderate Co substitution is in
good agreement with the experimental gap of 21 ± 6 meV in
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FIG. 4. Calculated electronic structure of the topological insulator doped with Co. Schematic atomic structure of the
√

3 × 2 surface
cell where second layer pnictogen atoms partially substituted with cobalt: top (a) and side (b) view. Surface spectrum for the slab with a
concentration of Co in the first pnictogen layer of 25% in Bi2Te3 (c), Bi2Se3 (d), and Sb2Te3 (e). (f) Gap width in Co-doped Sb2Te3 as a
function of Co concentration. (g) Spatial charge distribution of the gapped topological surface state. Red arrows show Co magnetic moments.

the Co-doped BiSbTeSe2. Similar to the gapless Dirac state in
Bi2Te3-type TIs the gapped state in the case of Co substitution
is localized mainly within outer QL and near the first van-der-
Waals spacing [Fig. 4(g)], where it overlaps with orbitals of
substitutional Co atoms.

C. Magnetization measurements after Co deposition

Magnetization measurements of the BSTS crystal with
deposited cobalt performed for the field orientation H⊥c (in-
plane) have revealed a considerable nonlinear magnetization
(field-dependent susceptibility χ = M/H) that shows up be-
low 70–80 K. To emphasize this peculiar feature and to get
rid of both the extrinsic susceptibility contribution and the
intrinsic diamagnetic one, χDM, that dominates the magnetic
response (χDM ∼ (3.3 − 4.8) × 10−7 emu/g), we subtracted
the susceptibility values at T = 250 K and plotted the product
χ − χ250K as a function of temperature and magnetic field
[Fig. 5(a)]. The resulting susceptibility apparently contains
two contributions: a paramagnetic (PM) one that is weakly
dependent on magnetic field and becomes considerable at

temperatures below ∼10 K, and a ferromagnetic (FM) one
that emerges below T ∼80–100 K and is best seen at weak
magnetic fields. By plotting the M(H) data at a tempera-
ture where the FM contribution is already fully developed
while the PM one is still subtle, one can determine both the
FM magnetization contribution and the field where the FM
moment saturates [inset in Fig. 5(a)]. As can be seen, the
saturation field is rather small, ∼500 Oe, confirming that a
long-range FM order is formed. The evaluated FM moment is
≈2 × 10−6 emu, which corresponds to ≈2.4 × 1014 μB/cm2

(≈2.4 μB/nm2) given the crystal surface ≈0.9 cm2. This
estimation has a reasonable agreement with the density of
magnetic Co ions in the surface layer. Similar measurements
and data analyzes performed for another orientation of the
crystal with respect to the magnetic field, H‖c (out-of-plane),
revealed a smaller FM magnetization contribution [Fig. 5(b)]
in comparison with the in-plane magnetization. The observed
anisotropy gives a strong evidence in favor of the intrinsic
origin of the revealed FM moment. One can suggest that the
magnetization easy axis of a built-in Co layer is outside the
plane and there is a projection of the magnetization vector on
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FIG. 5. (a) Temperature dependencies of the magnetic susceptibility for the in-plane magnetic field H⊥c, H=0.05 (red); 0.1 (olive); 0.5
(green); 1 (blue); 10 kOe (orange). Field-independent susceptibility data for the pristine BSTS2 surface are shown for comparison by gray
dots. Insert shows M(H ) curve measured at T =8 K for H⊥c. (b) Temperature dependencies of the magnetic susceptibility for the out-of-plane
magnetic field H‖c. (c) Magnetic susceptibility for H⊥c, H=0.1 kOe of a crystal before and after the removal of a cobalt-rich surface layer
with duct tape (different colors show several heating-cooling runs). The data shown by black symbols were taken half a year earlier to check
the surface-state stability. (d) Temperature dependence of the magnetic susceptibility for the crystal with a large amount of deposited Co
[Fig. 3(d)]. For comparison, the field-independent susceptibility of the pristine surface at H⊥c is demonstrated in gray.

the normal to the surface. It is known that the in-plane magne-
tization leads to a dispersion energy shift along the momentum
vector perpendicular to the magnetization in the momentum
space, while the presence of an out-of-plane component in-
duces an energy gap in TIs. The in-plane magnetization is
presumably isotropic within the plane and has almost zero re-
manence according to SQUID measurements, which accounts
for the ARPES data demonstrating absence of any dispersion
k shift. In contrast, the absence of symmetry with respect to
the surface normal can induce remanent magnetization in the
Co-containing layer and, as a result, the appearance of a gap in
TI surface states (Fig. 2). In order to confirm that the observed

unusual FM properties originate from the cobalt-rich surface
layer of the crystal rather than the bulk, a thin top layer with
cobalt was removed with duct tape. Figure 5(c) shows the
magnetic susceptibility data of a crystal taken before and after
the top-layer removal, which demonstrates unambiguously
that the FM state belongs to the top crystal’s layer.

The observed temperature range for the gap opening,
which is in agreement with the temperature range, where
out-of-plane magnetization is detected by SQUID, is far above
typical Curie temperature of about 30 K, observed in the
optimal Cr- or V-doped TIs [8,9,13,17]. However, it was
demonstrated that bulk and subsurface impurities in TIs can
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generate not only localized states in the gap [57–59] but
also impurity-derived resonance bands, which can hybridize
with the Dirac state [60,61]. In case of magnetic impurity
with out-of-plane magnetization, irrespective the magnetic
moments ordering, the hybridization of exchange-split reso-
nance states with the Dirac state can facilitate the gap opening
[61]. The essential role of impurity-state-mediated exchange
interaction in the magnetic properties of V-doped and Cr-
doped (Bi, Sb)2Te3 was also established in Ref. [62]. Thus,
we can speculate that the spin-split resonant states can me-
diate the gap opening in our system with Co-doped surface
up to the temperature at which out-of-plane magnetization is
maintained.

The magnetic properties of a crystal with a large amount
of deposited Co, when the mattagamite-type CoTexSe2−x

structure completely covers the surface [corresponding to the
Fig. 3(d)], were also studied by SQUID [Fig. 5(d)]. For this
crystal, the magnetic susceptibility behavior is similar to that
observed for initial Co-free crystal [gray curve in Fig. 5(d)]
and no signs of FM response have been found. The change
in magnetic behavior with the Co-layer thickness can be
accounted for by the cobalt segregation into orthorhombic
CoTe2 and CoSe2 compounds that are paramagnetic [63–65],
while the measured FM contribution comes from Co atoms
that substitute pnictogens in the original structure. Accord-
ing to our calculations Co atomic magnetic moments, being
of 0.25 μB in parent CoTe2 and CoSe2, decrease in disor-
dered CoTeSe solid solution, where an average Co magnetic
moment is of ∼0.16 μB. However, the total energy of the
paramagnetic phase is 2.2 meV lower comparing with the fer-
romagnetic calculation and hence the CoTeSe solid solution is
a paramagnetlike parent CoTe2 and CoSe2. A situation when
a 2D ferromagnetic phase became paramagnetic in the bulk
is known from the literature. For example, it occurs in the
MnSe2:Se-Mn-Se monolayer, which being prepared on SnSe2
or GaSe, exhibits a 2D ferromagnetism, while bulk MnSe2
has a cubic pyrite or rocksalt structure with paramagnetic
properties [66].

One can conclude from ARPES and SQUID measure-
ments that there is a certain range of cobalt coverage
0.6–1.5 atoms/cell, which corresponds to partial replace-
ment of pnictogen atoms with cobalt in the topmost QL of
BSTS2 with the formation of ferromagnetic phase in this
QL. In this case, the layer concentration of cobalt reaches
0.6 atoms/cell with respect to bismuth (antimony), which
cannot be achieved by the crystal bulk doping. At lower cov-
erage the exchange interaction is weak to induce a long-range

ferromagnetism and gap opening, while at higher coverages
(above 3 atoms/cell) the solid solution becomes unstable and
paramagnetic CoTexSe2−x is formed.

IV. CONCLUSIONS

To summarize, our findings offer a versatile way to con-
trol the formation of magnetically doped topological insulator
surfaces with sizable Dirac cone gaps, which are stable over
a wide temperature range. This can be achieved by precise
deposition of magnetic atoms at a temperature of 300◦–
330 ◦C. This finding is in a stark contrast with earlier
works on magnetic metal atoms (Co, Ni, Fe) deposition on
Bi2Se3 TI [36,51–53,67], where the deposition temperature
was ranged as 15 K – RT, and no gap opening was observed.
We found that deposition of Co or Mn atoms within 0.6–
3 atom/cell effective thickness at elevated temperature results
in substitution of pnictogene atoms in the BSTS2 surface layer
with magnetic dopants leading to formation of a 2D magnetic
phase with out-of-plane magnetization, which is stable up to
≈100 K as affirmed by our SQUID measurements. In contrast,
the deposition of magnetic atoms at room temperature leads
to progressive surface disordering proven by the degradation
of the LEED pattern and ARPES spectrum. Along with the
formation of a diluted magnetic surface layer with out-of-
plane magnetization, islands of a paramagnetic CoTexSe2−x

mattagamitelike phase are formed which—at 3 atoms/cell and
larger deposition—cover a significant part of the BSTS2 sur-
face, hindering the ARPES measurements of the topological
surface states when coverage is more than 3 atoms/cell.
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