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A tunable gap in the topological surface state is of great interest for novel spintronic devices and applications
in quantum computing. Here, we study the surface electronic structure and magnetic properties of the Gd-doped
topological insulator TlBi0.9Gd0.1Se2. Utilizing superconducting quantum interference device magnetometry, we
show paramagnetic behavior down to 2 K. Combining spin- and angle-resolved photoemission spectroscopy
with different polarizations of light, we demonstrate that the topological surface state is characterized by
the Dirac cone with a helical spin structure and confirm its localization within the bulk band gap. By using
different light sources in photoemission spectroscopy, various Dirac-point gap values were observed: 50 meV
for hν = 18 eV and 20 meV for hν = 6.3 eV. Here, we discuss the gap observation by the angle-resolved
photoemission spectroscopy method as a consequence of the scattering processes. Simulating the corresponding
spectral function, we demonstrate that the asymmetric energy-distribution curve of the surface state leads to an
overestimation of the corresponding gap value. We speculate that 20 meV in our case is a trustworthy value and
attribute this gap to be originated by scattering both on magnetic and charge impurities provided by Gd atoms
and surface defects. Given the complexity and importance of scattering processes in the topological surface state
together with our observations of distinctive photoemission asymmetry, we believe our results are important for
research of the massive Dirac fermions in novel quantum materials.

DOI: 10.1103/PhysRevB.102.085149

I. INTRODUCTION

To date, many breakthroughs have been achieved in the
field of topologically nontrivial materials. The most excit-
ing ones are the theoretical classification and experimental
realization of topological insulators (TIs) [1–4]. These bulk
insulating materials host a metallic surface state, i.e., the so-
called topological surface state (TSS) described by the Dirac
cone. A TSS is characterized by spin-momentum locking
and time-reversal symmetry (TRS), which largely suppress
backscattering. In the heart of such electronic structure lies
band inversion at the � point originated from strong spin-orbit
coupling (SOC).
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Among others, investigation of the interaction between the
TSS and a magnetic field is of great interest. Magnetic order
breaks TRS, lifting the Kramers degeneracy between opposite
spin-oriented electronic states, which leads to a gap opening at
the Dirac point. Theoretically, it is predicted that such behav-
ior of the electronic structure can produce many fundamental
effects. The most remarkable are the realization of topological
magnetoelectric effect [5], quantum anomalous Hall (QAH)
effect [6,7], and observation of magnetic monopoles [8].
Furthermore, there are many concepts of spintronics devices
based on magnetic TIs, e.g., spin transistors [9].

Possible ways to create a magnetic order in TIs are doping
by transition [10–14] or rare-earth metals [15–17], proxim-
ity effect with magnetic layer [18], or growing stoichiomet-
ric magnetic systems [19,20]. Thus, studies of chromium-
doped [11] and vanadium-doped [13] TIs made it possible
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to achieve the QAH effect at extremely low temperatures of
30 and 130 mK, respectively. Investigation of the manganese-
based stoichiometric TI MnBi2Te4 revealed antiferromagnetic
order below 25 K and a large magnetic gap at the Dirac
point [19], as well as a transition to the QAH regime at
a much higher temperature of 6.5 K [21]. Nevertheless,
unambiguous magnetic-driven behavior was observed only
for Rashba and bulk conduction-band states [22], while the
Dirac cone state seemed to be unchanged under a magnetic
transition. Therefore, discussions about the existence of the
gap at the Dirac point and its nature have been part of most
investigating topics in the TI research area in past years. In
addition to the magnetic mechanism of the gap opening, there
are other nonmagnetic mechanisms, e.g., impurity scattering
on nonmagnetic atoms [23], scattering on the potential of
magnetic atoms [24,25], or even a Higgs-like mechanism [26],
that can open a gap at the Dirac point. However, such a gap
has a nonmagnetic origin and does not lead to the observation
of the aforementioned effects.

Our study is focused on the investigation of the elec-
tronic structure and magnetic properties of the gadolin-
ium (Gd)-doped topological insulator TlBi0.9Gd0.1Se2. Pre-
viously, Gd-doped Bi(Sb)2Se(Te)3-like TIs were studied,
demonstrating antiferromagnetic [17,27,28] or paramag-
netic [29] order. In Ref. [28], we observed that the Gd-doped
TI Bi1.09Gd0.06Sb0.85Te3 has unique magnetic properties, with
a ferromagnetic hysteresis loop at 100 K which disappears
with a decrease of temperature. This effect can be related to
the two-dimensional surface magnetism via a TSS Ruderman-
Kittel-Kasuya-Yosida (RKKY)-like mechanism [30]. How-
ever, we did not observe a significant gap at the Dirac point by
angle-resolved photoemission spectroscopy (ARPES), which
is possibly related to a small percentage of magnetic doping.
Thus, the investigation of Gd-doped TIs is important to under-
stand the impact of the magnetic atoms on a TI’s electronic
structure.

The undoped compound TlBiSe2 was theoretically [31,32]
and experimentally [33] investigated, demonstrating a promis-
ing electronic structure with the linearly dispersing surface
state within the bulk band gap. A distinctive feature of
thallium-based TIs is the absence of a van der Waals space
between blocks of atomic layers, which can affect the mag-
netic properties in the case of doping by magnetic atoms.

Here, we present the investigation of the electronic struc-
ture and magnetic properties of the Gd-doped thallium-based
topological insulator with stoichiometry TlBi0.9Gd0.1Se2 by
means of angle- and spin-resolved photoemission spec-
troscopy and superconducting quantum interference device
(SQUID) magnetometry. Special attention will be paid to the
Dirac point gap analysis in the photoemission spectra.

II. EXPERIMENTAL METHODS

The TlBi0.9Gd0.1Se2 compound was synthesized by melt-
ing under the vacuum conditions of the elements of Tl, Bi,
Gd, and Se taken in an amount corresponding to the chemical
formula. The crystal structure was refined by the Rietveld
method based on the powder diffraction data (see Supplemen-
tal Material at [34]). Investigation of the magnetic properties
of the sample was carried out at the Center for Diagnostics of

Materials for Medicine, Pharmacology and Nanoelectronics,
Saint Petersburg State University Research Park, using the
SQUID magnetometer with a helium cryostat manufactured
by Quantum Design. The measurements were carried out in
a “pull” mode in terms of temperature and magnetic field.
The applied magnetic field was perpendicular to the sample
surface (0001). The electronic structure of the surface state
was studied using the ARPES method. The ARPES data were
taken at the UE-112 beam line 13 endstation of the BESSY-II
synchrotron radiation facility in Berlin, Germany, BL-9, and
Laser-ARPES stations at the Hiroshima Synchrotron Radia-
tion Center, Japan. Spin-resolved photoemission spectroscopy
(spin-ARPES) was measured at the BL-9B using a VLEED
detector. The measurements were made at the � point of the
Brillouin-zone projection on the surface (0001) using different
photon energy. The photoemission spectra were collected on
freshly cleaved surfaces of crystals at a temperature of 15 K.
Energy distribution curves (EDCs) shown in Fig. 4 were
fitted using a composition of Voight and sigmoid functions
F (E ) = V (E ) · γ (E ); V (E ) = L(E ) ∗ G(E ), where L(E) is a
Cauchy-Lorentz distribution and G(E) is a Gaussian distribu-
tion; and γ (E ) = 2γ0

1+exp a(E−E0 ) , where E0 is peak position, γ

is the full width at the half maximum of the peak, and a is
the asymmetry. Spin-resolved spectra (Iup, Idown) are plotted
as Iup/down = (1±P)(I++I− )

2 , P = 1
S

(I+−I− )
(I++I− ) , where I+ and I− are

the intensity of the reflected electrons by a positively and
negatively magnetized target, respectively, and S is the Sher-
man function. Circular dichroism (CD)-ARPES spectra are
presented as I = N+ − N− (where N+ and N−, respectively,
are the ARPES intensities for positive and negative circular
polarized light). CD-ARPES images with a more familiar
presentation of intensity as I = (N+−N− )

(N++N− ) are shown in the
Supplemental Material [34].

III. RESULTS

A. Magnetic properties

To study the magnetic properties of the compound, we
carried out the SQUID magnetometry measurements. In
Fig. 1(a), one can see magnetization per mole presented as
a function of the applied out-of-plane magnetic field up to
±5 T [perpendicular to the sample’s cleavage plane (0001)]
at different temperatures from 2 to 300 K. The isothermal
magnetization vs magnetic field measured at T = 2 K (blue)
has the well-known S-like shape that is typical for param-
agnetic behavior. The temperature dependence of magnetic
susceptibility (χ ) in the applied out-of-plane field of H =
0.1 T is presented in Fig. 1(b), together with 1/χ (T ) in the
inset. One can see the approximation (red dashed line) of
the dependence by the Curie-Weiss law χ = C

(T −�) , where
C is the material-specific constant and � is the Weiss tem-
perature. Fitting of the experimental points with Curie-Weiss
law gives the Weiss temperature � ∼ 0, which points to the
paramagnetic order in the whole accessible temperature range.
Such paramagnetic behavior was also observed for Cr-doped
TlBiSe2 [35].

From the fitting parameters of 1/χ (T ), the reasonable,
effective magnetic moment of μeff = 8.0 μB per Gd atom was
found. This μeff is equal to the theoretical value of 8.0 μB
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FIG. 1. (a) Magnetic field dependencies of the effective magnetization at different temperatures. (b) Temperature dependence of the
magnetic susceptibility and inverse temperature dependence of the magnetic susceptibility of the sample.

expected for free Gd3+ ions [36]. These results indicate that
Gd atoms effectively substitute for Bi atoms.

B. Electronic and spin structure of the topological surface state

1. Angle- and spin-resolved photoemission measurements of the
topological surface state

To study the electronic structure of the TSS in
TlBi0.9Gd0.1Se2, we carried out ARPES measurements with
photoexcitation by laser and synchrotron radiation. In
Figs. 2(a) and 2(b), ARPES spectra measured by using a laser
radiation at the � point and near the Fermi level are shown.
One can see that the electronic structure is characterized by a
cone-shape state with a crossing point near 0.4 eV relative to
the Fermi level. Furthermore, we estimate the bulk band gap to
be around 0.3 eV, which is the same as for pure TlBiSe2 [33].
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FIG. 2. ARPES intensity map as a function of binding energy
and momentum for TlBi0.9Gd0.1Se2 measured at the � point with
(a) p and (b) s polarizations of light. The photon energy is 6.3 eV
and the temperature is 15 K.

Additionally, we carried out circular dichroism angle-
resolved photoemission spectroscopy (CD-ARPES) measure-
ments. Measurements with different circular polarization can
highlight the variation in the total orbital momentum of states,
and in the case of the strong spin-orbit coupled Dirac cone
state, it may highlight the spin texture [37]. In Figs. 3(a)
and 3(b), CD-ARPES spectra for different photon energies are
shown. One can see a complex CD signal structure as well as
the difference between laser and synchrotron radiation-based
CD-ARPES images. In Fig. 3(a), the sign of the CD signal
changes several times in the valence-band region. Moreover,
it is surprising to see the same sign for k+ and k− for the
Dirac cone branches slightly above the Dirac point despite the
helical spin structure of the TIs in the initial state [1].

These features can be explained by a strong final-state
effect in the case of low-energy radiation. In Refs. [38,39], it
was shown that energy and polarization of light have a strong
impact on spin-ARPES and CD-ARPES measurements. It was
observed that by using light with energy of 6 eV, the pho-
toemission process can switch the spin orientation between
the in plane and out of plane, whereas using higher photon
energies allows one to probe the initial TSS spin texture
of Bi2Se3. To reduce the impact of the final-state effect,
we carried out high-energy CD-ARPES measurements using
18 eV photoexcitation light, shown in Fig. 3(b). One can see
that near the Dirac point, k+ and k− states have opposite CD
signal, which points toward the helical spin structure of the
state. In addition, two bands in the valence-band region are
still seen, but with a bit higher binding energy compared to the
laser-based one. Also, the CD sign of the upper cone changes
at 0.3 eV binding energy, which is possibly a result of the
interaction between the TSS and conduction band. One can
see that the data obtained with the 18 eV photon energy look
more symmetric and better correspond to the spin structure
of the TIs in the initial state compared to the laser-radiation-
based one.

In order to study the spin structure directly [Figs. 3(c)
and 3(d)], we carried out spin-ARPES measurements for the
in-plane component of the spin (the spin direction is along the
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FIG. 3. (a),(b) Images of CD-ARPES measurements carried out using laser and synchrotron radiation with the shown energies. (c),(d) Spin-
ARPES measurements of the Dirac cone branches. ARPES image with momentum regions marked by cyan and magenta stripes in which the
spin spectra were measured is shown in the insert.

sample surface and perpendicular to the wave vector). One can
see that the sign of spin polarization changes upon crossing
the Dirac point, which is located at 0.4 eV relative to the Fermi
level (see ARPES inset). The spin polarization of the Dirac
cone branches reaches the value of almost 40%, which is con-
sistent with that for the pristine compound [40]. Therefore, by
ARPES, CD-ARPES, and spin-ARPES methods, we demon-
strate that the electronic structure of TlBi0.9Gd0.1Se2 near the
Fermi level is characterized by the cone-shaped surface elec-
tronic state with the helical spin structure located within the
bulk band gap in the vicinity of the � point. These facts prove
that TlBi0.9Gd0.1Se2 is a three-dimensional (3D) topological
insulator with the Dirac-cone-like topological surface state.

2. Energy-dependent features of the topological surface state

In Fig. 4(a), a laser-based ARPES spectrum measured
with s-polarized laser radiation with analysis of the Dirac
cone electronic structure near the � point (hν = 6.3 eV) is
presented. At the right part of Fig. 4(a), the second derivative
plot (d2N/dE2) is shown. One can see a small gap at the
Dirac point in the second derivative image. To study the gap
quantitatively, we analyze the energy distribution curve (EDC)
at the � point shown by the red line in both the ARPES and
second derivative image. Despite the absence of an intensity
dip in the EDC at the Dirac point, a small asymmetry of
the peak is seen. Fitting EDC with the sum of two Voight
functions near the Dirac point (see the second derivative plot),
we estimate the gap to be 20 meV.

Using the same analytical procedure, we treat the TSS
electronic structure measured with s-polarized synchrotron
radiation; see Fig. 4(b). Surprisingly, the size of the gap
in this case reaches 50 meV according to our estimations.
It should be noted that all spectra were obtained using the
same procedure that includes the preliminary measurements
of E (kx, ky) dispersion maps as a set of E (kx ) at various
ky. This excludes misalignment along the ky direction (see
Supplemental Material at [34]).

IV. DISCUSSION

We assume that such difference of the Dirac-point gap size
can be explained by the scattering and other final-state effects
in the photoemission process. It is known that surface condi-
tions of the solid are important for the electronic structure of
the surface state. For example, it was shown that a decrease of
terrace widths of the Cu(111) surface leads to asymmetry and
broadening of the surface state peak [41,42].

It is evident that the synchrotron-radiation-based image
of the TSS is much broader compared to the one measured
with the laser radiation, and the corresponding EDC of the
TSS at the Dirac point has a quite asymmetric shape.

Despite the difference in the excitation energy (and, corre-
spondingly, kinetic energy of the photoelectrons), the differ-
ence between the laser and synchrotron stations used in the
experiment is the light-spot profile. For laser ARPES mea-
surements in Fig. 4(a), the light spot was ∼5 × 5 μm [43],
while for the synchrotron-radiation-based one in Fig. 4(b), it
was ∼20 × 100 μm. Larger spot size may lead to an increase
of the surface defects’ influence on the spectra. To demon-
strate how asymmetry modifies the size of the gap detected
by ARPES, we simulated a spectral function using the band
structure extracted from Fig. 4(a). Based on a quite symmetric
EDC profile away from the Dirac point, we fit the surface
state and present the corresponding peak maximum positions
in Fig. 5(a). In Fig. 5(b), we reconstruct the laser-based image
without a photoemission cross section and taking into account
the exaggerated angular integration of ±0.5◦ perpendicular
to the electron analyzer entrance slit. As the next step, in
Fig. 5(c), we show the calculation using the same parameters
of the peak width and angular integration as for the ARPES
experiment in Fig. 4(b). One can see that it does not much
change the gap value extracted by the standard fit procedure
of the corresponding EDC as presented in Fig. 5(c). Finally, in
Fig. 5(d), we show calculations of the spectral function using
the asymmetric EDC profile, mimicking one experimentally
observed away from the Dirac point in Fig. 4(b). It is clearly
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seen that the corresponding EDC profile through the Dirac
point in Fig. 5(c) shows a presence of two peaks, while even
with a resolution of the laser-based ARPES in Fig. 5(b) the
energy gap was already invisible to the naked eye. Using the
standard fit procedure, we extracted the gap size of about
55 meV, which is close to the one we extracted from the exper-
imental data. Therefore, the Dirac-point (DP) gap of 20 meV,
observed in Fig. 4(a), is a more trusted value. Its origin is
possibly related to the impact of short-range magnetism by
Gd3+ ions in the absence of magnetic ordering, while its in-
crease up to 50 meV, shown in Fig. 4(b), is rather related to the
impact of the photoemission process and scattering on surface
defects.

The asymmetry presented in the photoemission spectra
is a broadly studied phenomenon and it has many different
origins. It appears as a fingerprint of photoelectron scat-

tering, photoelectron diffraction, or the result of quantum
interference with the continuum wave function (Fano line
shape [44]). Here, we suppose that the scattering plays a
major role as it is strongly connected to a surface quality.
The impact of scattering processes on the topological surface
state has attracted great attention, both from the experimental
and theoretical sides, while their mechanisms are still not
fully unraveled. Recently, scattering on nonmagnetic charge
impurities was theoretically studied and leads to depletion
of the density of states at the Dirac point [23]. Also, it
was experimentally demonstrated [45,46] that an increase of
the sulfur amount in TlBi(SexS1−x )2 leads to an unexpected
Dirac-point gap opening. In our case, we also observe the
energy gap; however, a similar size is predicted for a much
higher concentration of charge impurities. In addition, we
observe quite interesting asymmetry, which changes its sign
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crossing the Dirac point. Such a behavior is not typical for
photoemission in conventional materials and may help to trace
exotic phenomena in topological insulators.

V. CONCLUSION

We have experimentally studied the electronic structure
and magnetic properties of the Gd-doped topological insulator
TlBi0.9Gd0.1Se2. SQUID measurement reveals paramagnetic
order down to 2 K. The electronic structure near the Fermi
level measured by means of angle- and spin-resolved pho-
toemission spectroscopy is characterized by the Dirac cone
with a helical spin structure. Analysis of the Dirac cone at the
� point demonstrates the Dirac-point gap opening, even in the
paramagnetic phase. We observe the energy gap of 20 meV
at the Dirac point using laser-radiation-based ARPES and
its increase up to 50 meV using synchrotron-radiation-based
ARPES. By simulation of ARPES spectra, we demonstrate
that such a change is the result of the asymmetric shape of
the photoemission spectrum presented in the synchrotron data.
We assume that the possible origin of this asymmetry is the
result of scattering processes on the surface of a solid state,
but features of this phenomenon require further investigation.
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