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Abstract
External magnetic fields can be used to control the spin properties of charge carriers in
topological insulators (TIs). Thin p-type layers of the TI Bi1.1Sb0.9Te2S were studied using
mid-infrared Fourier transform magneto-transmission spectroscopy in magnetic fields up to
11 T. Zero field spectra, measured at 4.2 K and 300 K, demonstrated a sharp absorption edge,
used to determine an optical bandgap Eg

opt of 0.31 and 0.22 eV, respectively, as well as to
establish the direct character of the bandgap. Fabry–Perot oscillations were used to estimate a
refractive index of 6.4. A difference of Eg

opt from the bandgap, determined earlier by angular
resolved photoelectron spectroscopy, was attributed to the formation of band tails generated by
high concentrations of randomly distributed charged defects. Equal electron me and hole mh

effective masses of 0.152m0 were determined using a theoretical model employing simplified
Dirac-type Hamiltonian. Magnetic fields split the absorption edge and the non-linear character
of this splitting energy resulted in a strong decrease of the g-factor with increasing field.
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1. Introduction

Topological insulators (TIs), such as the model compounds
Bi2Se3, Bi2Te3 and Sb2Te3 belong to a new class of three-
dimensional materials combining an insulator like bulk with
topologically protected surface states (TSSs) that can be
described by Dirac cone type dispersion relations [1–4].
Prospects of the application of TIs in quantum electronics
[5] and spintronics [6] attract significant attention from the
research community. However, the electronic properties of the
model TI materials are not quite suitable for straight forward
applications which require a wider bandgap Eg and the energy
position of the Dirac point at the bandgap centre. These can
be achieved in solid solutions fabricated by the simultaneous
incorporation of S and Sb to Bi2Te3 [7, 8] resulting in the qua-
ternary compound Bi1.1Sb0.9Te2Swhich is a very promising TI
for the development of spintronic devices due to its comparat-
ively wide bandgap and the energy position of the Dirac cone
near its centre [8, 9]. Despite its high potential very little so
far has been reported on the electronic and optical properties
of this rather novel material.

The research community studying TIs mostly concen-
trates on non-trivial electronic properties related to their TSS.
However, their bulk also reveals interesting properties: a sym-
metry of the conduction and valence bands in Bi2Se3 [10] and
Bi2Te3 [11] along with an extraordinary large Verdet constant
due to a strong Faraday rotation effect which results in a large
splitting of the absorption edge in magnetic fields due to giant
g-factors [12]. Such effects have not been explored as yet for
Bi1.1Sb0.9Te2S.

Angular resolved photoelectron spectroscopy (ARPES)
is amongst the most popular techniques for experimentally
establishing the electronic structure in conventional solid-state
materials in general and TIs in particular [1, 13–15]. However,
methods of optical and magneto-optical spectroscopy can also
provide accurate information on the electronic properties [16,
17], help determine such vital parameters as Eg of the bulk
of TIs [18], charge carrier masses and examine the Zeeman
effect [10–12] which is critical for understanding the coupling
of electron spins with external magnetic fields used to control
the spin properties in TIs.

In this paper the optical and electronic properties of the TI
Bi1.1Sb0.9Te2Swere examined in the region of the fundamental
absorption edge using mid-infrared (MIR) Fourier transform
(FT) magneto-transmission spectroscopy at magnetic fields up
to 11 T.

2. Experimental details

A single crystalline ingot of Bi1.1Sb0.9Te2S was grown from
the high purity elements Bi, Sb, Te and S using the vertical
Bridgman technique [9]. Flat samples with sizes of 5× 5 mm2

and thicknesses of 3 mm were cut from the ingot along the
hexagonal planes (0001). Free-standing layers with a thickness

of 5 µm were exfoliated for transmission measurements and
placed on copper foils over 2 × 2 mm2 holes.

The structural properties of the samples, examined by x-ray
diffraction and ARPES, the elemental composition, analysed
by energy dispersive x-ray microanalysis as well as transport
properties, measured in the (0001) plane using perpendicular
magnetic fields B, have been reported previously [9].

The p-type conductivity and hole concentrations of
2.3×1019 and 3.5×1019 cm−3 at room temperature and 77 K,
respectively, were determined earlier by Hall measurements
[9].

Near normal incidence MIR range transmission and
reflectivity measurements were carried out at the Laboratoire
National des Champs Magnétiques Intenses (Grenoble,
France) in the spectral range from 0.05 to 0.6 eV at 4.2 K using
a Bruker IFS 66 v/S FT vacuum spectrometer with globar light
source and silicon bolometer as a detector. Magnetic fields up
to 11 T, generated by a superconducting magnet and applied in
the Faraday configuration with B perpendicular to the (0001)
plane, were used to carry out magneto-transmission measure-
ments. Each transmission spectrum was normalised by that of
the globar source light measured through an aperture attenuat-
ing the intensity to take in account variations in the bolometer
response induced by the magnetic fields.

3. Results and discussion

Zero-field MIR transmission spectra, measured at 4.2 K and
300 K, are shown in figure 1(a) whereas a MIR reflectivity
spectrum taken at 4.2 K is shown in figure 1(b). Both trans-
mission spectra reveal a sharp fundamental absorption band
edge at about 0.31 eV at 4.2 K and 0.22 eV at 300 K as well
as significant Fabry–Perot (FP) oscillations showing that the
top and bottom surfaces of the sample are quite parallel. The
reflectivity spectrum reveals a plasma edge and two TO phon-
ons in the far infrared region [9] whereas in the MIR region
the spectrum is rather featureless.

The absorption coefficient (α) near the interband edge was
calculated using the 4.2 KMIR transmission T and reflectivity
R spectra shown in figures 1(a) and (b), respectively [19]:

α=−1
d
ln

− (1−R)2

2TR2
+

√√√√( (1−R)4

4T2R4
+

1
R2

) . (1)

Figure 3(a) reveals a relatively sharp fundamental absorp-
tion edge. The magnitude of the absorption coefficient above
the bandgap exceeds α = 8 × 104 cm−1 whereas at photon
energies below the gap it also has a rather high value of
α = 104 cm−1. We attribute the high absorption at sub-gap
energies to a high concentration of defects with energy levels
within the bandgap.

Magnetic fields had a profound effect on the shape of
the absorption edge in the transmission spectra as shown in
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Figure 1. Zero field MIR transmission spectra measured at 300 K
and 4.2 K(a), zero field 4.2 K MIR reflectivity spectrum (b).

Figure 2. Effects of magnetic fields on the MIR transmission
spectrum at the absorption edge.

figure 2. The top part of the spectrum gradually shifts towards
lower energies whereas the bottom one shifts to higher ones
resulting in an S-shaped band edge with the pivoting point
at 0.31 eV. The magnetic fields also result in a significant
decrease in the amplitude of the FP oscillations which can be
attributed to the Faraday effect [20].

Assuming a direct character of the bandgap, demonstrated
by the ARPES measurements [9], we determined an optical
bandgap of Eg

opt = (0.31 ± 0.02) eV by extrapolating a line
best fit to the linear part of the (αhv)2 dependence on the
photon energy as shown in figure 3(b). The resulting Eg

opt

coincides well with the spectral position of the pivoting point
in the magneto-transmission spectra in figure 2. An optical gap
of 0.22 eV, estimated from the transmission spectrum meas-
ured at 300 K, reveals a 90 meV bandgap shrinking. A similar
bandgap shrinking with increasing temperature was reported
for the model binary TIs Bi2Se3, Bi2Te3 as well as Sb2Te3
and assigned to both thermal expansion and electron–phonon
coupling [21].

Unlike in n-type Bi2Se3, where Eg
opt exceeds Eg due

to the Burstein–Moss effect [10, 18] Eg
opt in our p-type

Figure 3. Absorption coefficient α at 4.2 K (a), the straight line fit
to the linear part of the (αhν)2 dependence on photon energy giving
Eg

opt (b).

Bi1.1Sb0.9Te2S is smaller than Eg determined by ARPES
(0.37 eV), suggesting a bandgap narrowing. In highly doped p-
type compound semiconductors such narrowing is often asso-
ciated with band tails formed by high concentrations of ran-
domly distributed charged defects which modify the density
of states at the band edge [22]. In compound semiconduct-
ors such defects, both donors and acceptors, can be formed
by nanometre-scale deviations in the elemental composition
from the ideal stoichiometry resulting in spatial potential
fluctuations [23] as shown in figure 4. Such fluctuations, also
observed in the TI Bi2Te2Se, were attributed to Bi/Te antisite
defects [24]. Theoretical studies on other semiconductor com-
pounds reveal that the formation of intrinsic acceptors reduces
the formation energy of donors resulting in a compensation
[25]. Although the conductivity of the examined sample,
measured by Hall effect, is p-type this sample is likely to
be compensated. The measured acceptor concentration would
be the difference between the concentration of acceptors and
donors [26]. Therefore, we propose that apart from high con-
centrations of acceptors the Bi1.1Sb0.9Te2S sample can also
contain a high concentration of donors leading to a signific-
ant degree of compensation and the presence of band tails at
both the valence as well as the conduction bands.

Assuming a symmetry of the valence and conduction bands
the mean depth of the band tails γ can be estimated as
γe ≈ γh ≈ (Eg−Eg

opt)/2 ≈ 30 meV.
The FP interference oscillations in the transmission spec-

trum, which can be seen in figure 1, were used to estimate the
refractive index n of Bi1.1Sb0.9Te2S near the absorption edge:
n = λ1λ2/[(λ1−λ2)2d], where λ1 and λ2 are the wavelengths
of two adjacent maxima or minima in the transmission spec-
trum plotted with wavelength as the argument [27, 28].

The determined value of n has a weak dependence on the
spectral energy, increasing from 6.0 at 0.112 eV to 7.4 at
0.313 eV. This results in an average value of n ≈ 6.4 over
the spectral range from 0.112 eV to 0.313 eV and is close to
n ≈ 6 reported for Bi2Se3 [12]. To evaluate modifications of
the transmission spectra under magnetic fields these spectra
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Figure 4. A schematic energy diagram illustrating the formation of
band tails with average depths γe and γh for the conduction (CB)
and valence (VB) band, respectively. Spatial potential fluctuations
modify the density of states ρc(ε) and ρh(ε) for CB and VB,
respectively.

Figure 5. (a) MIR transmission spectrum at B = 0 T (□) and
B = 11 T (◦) fitted with the sum of two shifted and scaled zero field
transmission spectra (red solid line). The attenuated zero field
spectrum, shifted towards higher energies, is shown by blue solid
line. (b) Dependence of the energy splitting δEg

opt on B,
experimental values (□), fit (red solid line).

were fitted with sums of two zero field MIR transmission
spectra. One of these spectra is shifted towards lower ener-
gies whereas the other is shifted towards higher energies. The
intensity of the shifted spectra was attenuated to fit their sum
to the experimental data. An example of such fitting is shown
in figure 5(a), for B = 11 T.

It can be seen that the sum of two shifted zero field spectra
closely matches the experimental data at the absorption edge,
whereas small mismatches at energies below 0.3 eV aremostly
due to differences in the amplitude and phase of the FP oscilla-
tions. The dependence of the experimentally determined val-
ues of the splitting of the two fitting spectra on the magnetic
field δEg

opt(B) is plotted in figure 5(b).
This dependence reveals a significantly non-linear increase

of δEg
opt at fields rising from zero to 4 T whereas at higher

fields, in excess of 6 T δEg
opt(B) converges to a more linear

dependence onB. The experimental points, fitted by the empir-
ical function δEg

opt(B) = 4.7 × B0.6, are shown in figure 5(b).

Table 1. Parameters of the electronic structure in Bi1.1Sb0.9Te2S,
calculated using the Dirac-type Hamiltonian model.

Eg opt(4.2 K) mD me, mh ge, gh

0.31 eV 0.076m0 0.152m0 26

To understand the effect of splitting let us consider the elec-
tronic band structure of this material.

According to ARPES studies [9] Bi1.1Sb0.9Te2S is a direct
bandgap semiconductor with near parabolic conduction and
valence bands. Therefore, we can employ a simplified model
based on the Dirac-type Hamiltonian [29, 30] proposed to
describe the electronic properties of TIs [10].

According to this model two parameters, the band gap
Eg and the Dirac velocity υD, determine the Dirac mass as
mD = Eg/(2υD

2). Therefore, we calculated mD = 0.076m0

(wherem0 is the free electronmass) assuming that this velocity
is 6.5 × 105 ms−1 for Bi1.1Sb0.9Te2S [9].

The model proposes symmetry of the valence and con-
duction bands and determines the electron me and hole mh

effective masses as me ≈ mh ≈ 2mD. Therefore, we can find
me ≈ mh ≈ 0.152m0. These masses are collected in table 1.
The Dirac mass in Bi1.1Sb0.9Te2S, is slightly smaller than
mD = 0.08m0, calculated employing such a model, in Bi2Se3,
which is also a direct bandgap semiconductor with near para-
bolic conduction and valence bands [10]. The electron and
hole effective masses in Bi2Se3, derived from its Dirac mass
assuming the symmetry, are in a good agreement with those
determined from experiments, support the model.

Magnetic fields lift the spin degeneracy of the charge car-
riers in the valence and conduction bands splitting the absorp-
tion edge in the transmission spectra of Bi1.1Sb0.9Te2S by
δEg

opt. Figure 6 shows a simplified diagram of dispersion rela-
tions (energy versus momentum in the top part of the figure)
in comparison with the splitting in the transmission spectrum
at B = 11 T (in the bottom part of the figure) illustrating the
nature of such a splitting.

Assuming the Zeeman formula and symmetry of the carrier
masses me = mh we can calculate δEg

opt as:

δEopt
g (B) = µBBg, (2)

where µB is the Bohr magneton, g = ge + gh is the effect-
ive Lande-factor and, ge and gh are for the electrons and
holes, respectively. The symmetry of the valence and con-
duction bands should result in the symmetry of the electron
and hole Lande-factors: ge ≈ gh ≈ 2m0/mD. Therefore, for
Bi1.1Sb0.9Te2S we estimate theoretical values of ge ≈ gh ≈ 26.

A similar splitting of the absorption edge under magnetic
fields has been reported for Bi2Se3 [10] where values of
ge = gh ≈ 25, calculated using the same model. The linear
dependence of δEgopt on B for Bi2Se3 reported in [12] resulted
in a constant rate of such splitting δEg

opt/B = 2.6 meV T−1

for B below a saturation limit [31]. This, in turn, led to an
independence of its g-factor with respect to B. However, the
dependence of such a rate of splitting on B for Bi1.1Sb0.9Te2S,
shown in figure 7(a), is quite different.
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Figure 6. A schematic diagram of the effect of magnetic fields on
the valence (VB) and conduction (CB) bands at the Γ point of the
Brillouin zone (momentum versus energy in the upper part of the
figure) in comparison with the splitting in the transmission spectrum
at B = 11 T in the lower part of the figure.

Figure 7. The dependence of the rate of splitting δEg
opt/B (a) and

the g-factor (b) on the magnetic field B. Symbols are experimental
points, red solid lines are fitted empirical functions diverging at
B→ 0.

The non-linearity of δEg
opt with respect to B, shown in

figure 5(b), results in a dependence of its rate δEg
opt/B on B

decreasing from 3.7 meV T−1 for B = 2 T to 1.8 meV T−1

for B = 11 T. Figure 7(a) also shows the empirical function
4.8 × B0.59 fitted to the experimental data for δEg

opt/B.
The effective g-factor for Bi1.1Sb0.9Te2S, determined for
the experimental points using equation (2), are shown in
figure 7(b). These points were fitted with the empirical func-
tion g(B) = 4.8 × B−0.5 which is also shown in figure 7(b).

The sharp reduction of the g-factor at low magnetic fields is
followed by its near saturation at 11 T to g = 15. A satura-
tion of the absorption edge splitting in magneto-transmission
spectra of Bi2Se3 with increasing B was reported earlier [31].

However, this saturation was observed for rather high mag-
netic fields in excess of 22 T whereas at fields below this value
a linear increase of the splitting and a field independent g-
factor were reported.

In the case of Bi1.1Sb0.9Te2S the observed saturation is quite
different. The rate of shift as well as g reveal a diverging
increase atB→ 0whereas at higher fields one can see a gradual
reduction of g leading to an almost linear dependence of g on
B at fields above 6 T.

A similar diverging dependence of the g-factor on B, at
B → 0 observed for HgCdTe [32], was attributed to a high
strength of the spin–orbital coupling so the spin splitting in
this material is mostly determined by orbital parameters.

On the other hand, the influence of potential fluctuations,
generated by inhomogeneously distributed charged defects in
the TI Sb2Te2Se, on the Zeeman shift of the zeroth Landau
level energy (δE0LL), was taken into account by adding an
additional, inversely dependent on magnetic field 1/B term to
the dependence of δE0LL on B [33].

In general, Bi1.1Sb0.9Te2S and Bi2Se3 are composed of dif-
ferent elements which influence the wave functions of these
materials resulting in different orbital characters and different
g-factors. Further studies are required to understand the origin
of such a dependence of g on B in Bi1.1Sb0.9Te2S.

4. Conclusions

About 5 µm thick layers, cleaved along the hexagonal planes
(0001) from a p-type single crystal of the TI Bi1.1Sb0.9Te2S
grown by the vertical Bridgeman technique, were studied
using MIR FT magneto-transmission spectroscopy. Zero field
spectra demonstrated a sharp absorption edge at 0.31 eV and
significant FP oscillations which were used to estimate a mean
refraction index of n = 6.4.

Absorption spectra demonstrated an above gap absorption
coefficient of 8× 104 cm−1 compared to 104 cm−1 within the
bandgap, which was assigned to high concentration of defects.
An optical bandgap Eg

opt of 0.31 eV at 4.2 K was determined
from the absorption spectra assuming a direct bandgap. The
significant difference of Eg

opt from Eg, found earlier using
ARPES, was attributed to the formation of band tails due to
high concentrations of charged defects. An optical bandgap of
0.22 eVwas estimated from the transmission spectrameasured
at 300 K.

Magnetic fields, applied in the Faraday configuration, split
the absorption edge in the transmission spectra. The g-factor
of the splitting, determined assuming the Zeeman formula,
demonstrates a dependence on B sharply decreasing from
g= 32 at B= 2 T to g= 15 at B= 11 T. A non-linear charac-
ter of the energy splitting with respect to B resulted in a strong
decrease of the g-factor with increasing B.
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Charge carrier masses me ≈ mh ≈ 0.152m0 were calcu-
lated using a theoretical model employing simplified Dirac-
type Hamiltonians under the assumption of the direct charac-
ter of the bandgap, symmetry and parabolicity of the valence
as well as conduction bands. However, such calculations with
respect to the splitting of the band edge in the transmission
spectra resulted in a significant difference of the g-factors cal-
culated using the model and those determined experimentally.
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