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Magneto-optical effects in semimetallic Bi1−xSbx (x = 0.015)
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We report the results of infrared and magneto-optical spectroscopy study on electrodynamic response of
bismuth doped with 1.5% of antimony. The spectra are presented for temperatures down to 4.2 K, and in
magnetic fields as high as 18 T. The results reveal strong magneto-optical activity, similar to pure bismuth,
however there are some differences introduced by antimony doping. Analysis of optical functions reveals that
the two type of charge carriers respond differently to external magnetic field. Finally, when the system enters the
extreme quantum regime, both the inter- and intraband Landau Level transition are observed in the spectra.
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I. INTRODUCTION

Elemental bismuth and its alloys with antimony Bi1−xSbx

are the subject of renewed interest in recent years due
to the realization of a novel topological insulating (TI)
state.1,2 Bi1−xSbx has been predicted theoretically and shown
experimentally to be the first 3D topological insulator.1,2

Namely, as semimetallic Bi is doped with Sb its semimetallic
character is suppressed; its band structure gradually evolves
caused by strong spin-orbit coupling, and the TI regime is
archived for doping levels 0.07 < x < 0.22.1,2 This novel
3D TI state is currently at the focus of interests for its
unusual properties, especially in bulk materials like Bi1−xSbx ,
Bi2Se3, etc. Indeed, Bi1−xSbx has been shown experimentally
using angle resolved photo-emission spectroscopy (ARPES) to
exhibit linear electron dispersions in the form of Dirac cones on
its surface.3,4 Moreover, these Dirac electrons are topologically
protected from scattering on nonmagnetic impurities.1,2,5

Infrared (IR) spectroscopy has been an indispensable exper-
imental tool in studies of systems with correlated electrons, as
it provides insight into electrodynamic properties unaccessible
by other experimental techniques.6–8 In this paper we present
our results on the far-infrared and magneto-optical properties
of Bi1−xSbx with x = 0.015. At this doping the material is still
in the semimetallic regime, however our results reveal that the
properties of bismuth have been significantly altered even with
1.5% of antimony.

II. EXPERIMENTAL RESULTS

The samples for this study were grown at the Serbian
Academy of Sciences and Arts using the Bridgman method.9

Initial materials (Bi and Sb) of very high purity level (6N)
were kept in vacuumized quartz ampule. The content of
the ampule was melted at approximately 800◦ C, and then
kept at 650◦ C for 72 hours. The ampule was then gradually
lowered into a cold zone, at approximately 2 mm/h. The
product was a monocrystal ingot, which was then cut into
cylindrically shaped samples for optical measurements. Before
the measurements, the samples were mechanically polished to
achieve an optically flat surface.

Zero magnetic field far-infrared measurements were per-
formed at The University of Akron, at several selected temper-
atures between 10 and 300 K. An overcoating technique, with
gold or aluminum coating of the sample as reference, was used
to obtain the absolute values of reflectance.10 Magneto-optical
measurements were done at the National High Magnetic Field
Laboratory for magnetic fields up to 18 T, where the reflectance
ratios R(B)/R(0 T) were measured. The absolute values of re-
flectance in magnetic field R(B) was obtained as the product of
the ratios with the absolute values of reflectance in zero field.11

Figure 1(a) shows the far-infrared reflectance at several
selected temperatures between 4.2 K and room temperature.
The plasma minimum is located at 275 cm−1 at 300 K, and as
temperature decreases it shifts to 170 cm−1 at 200 K, but stays
at approximately the same frequency down to 4.2 K. We were
able to obtain very good fits to the data in the far-IR frequency
range using a simple Drude model:6–8

ε(ω) = ε∞ +
∑

i

ω2
p,i

−ω2 − iγiω
(1)

where ε∞ is the high frequency dielectric constant. To achieve
satisfactory fits, two Drude modes (i = 1,2) were necessary,
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FIG. 1. (Color online) (a) Reflectance spectra of Bi1−xSbx with
x = 0.015 in zero magnetic field at several different temperatures.
The plasma edge moves dramatically between 300 and 200 K, but
remains almost unchanged below 200 K. Also shown with gray lines
are Drude fits [Eq. (1)] of reflectance at 5 and 300 K. (b) Reflectance
spectra of Bi1−xSbx at 4.2 K and at several magnetic fields up to 18 T.
The effect of magnetic field is similar to that on elemental bismuth:
The original plasma edge is suppressed both below and above the
plasma minimum. In addition, a second plasma edge develops around
100 cm−1. Also shown with gray lines are the fits obtained from
Eq. (2).

but with different plasma frequencies ωp and scattering rates
γ . We phenomenologically assign these two Drude modes
to two different types of charge carriers. Indeed, Bi and
Bi1−xSbx have long been known to have both electrons and
holes present,12 albeit with densities much smaller than in
typical metals. From the fits we also learn that as temperature
decreases, the plasma frequencies ωp,1 and ωp,2 of both
Drude-like modes (i.e., both type of carriers) are increasing,
whereas the scattering rates γ1 and γ2 are decreasing.

In the zero-field reflectance spectra we note several simi-
larities, but also several differences compared with pure Bi.13

At room temperature the plasma minimum is slightly lower
than in pure Bi, but the value of reflectance at the minimum
is similarly high in both cases (about 50%). As temperature
decreases, the plasma edge in reflectance of pure Bi gradually
shifts to lower frequencies down to lowest temperatures. On
the other hand in Bi1−xSbx the plasma minimum is essentially
temperature independent below 200 K. We also note that the
so-called plasmaron peak,13,14 labeled as mode α by LaForge
et al.,13 is completely suppressed in Bi1−xSbx , even at 4.2 K.
In pure Bi on the other hand, the plasmaron peak appears at
frequencies slightly above the plasma minimum.13

Figure 1(b) displays the absolute values of reflectance of
Bi1−xSbx at several selected magnetic field values between 0
and 18 T. The effect of magnetic field on the optical properties
is strong and most prominent around the plasma minimum.
As magnetic field increases, the plasma edge is suppressed
and a characteristic “second plasma edge” gradually develops.
We label this mode as γ , following the notation of LaForge
et al.13 At the lowest frequencies and at the highest magnetic
fields, the reflectance displays characteristic downturn, labeled
as mode δ. These effects of magnetic field are similar to that in
pure bismuth.13 Note however that, similar to mode α, mode β

is also absent from the spectra of Bi1−xSbx , as compared with
pure Bi.13

III. DISCUSSION

Since Kramers-Kronig analysis is not applicable to IR data
in magnetic field, we resort to fitting. The simplest, but most
frequently used model is the Drude-Lorentz model modified
for the presence of magnetic field.15 In this model, components
of the dielectric function tensor ε±(ω) = εxx ± iεxy are given
as

ε±(ω) = ε∞ +
∑

i

ω2
p,i

ω2
0,i − ω2 − iγiω ∓ ωc,iω

, (2)

where ωc is the cyclotron frequency, which can be both
positive and negative depending on the type of charge carriers.
This is particularly importantly for Bi1−xSbx , where both
electron- and hole-like carriers are known to be present.
Another advantage of this model is that Eq. (2) reduces
to Eq. (1) for ω0 = 0 and ωc = 0. In addition, this model
allows both free (ω0 = 0) and bound (ω0 �= 0) carriers to be
analyzed in magnetic field. However, from the model fits of
reflectance to Eq. (2) one cannot determine which modes
are electron- and which ones are hole-like. Kerr rotation
spectroscopy measurements would be needed to distinguish
between the two.16 The reflectance spectra were fit with the
RefFIT program,17 in which Eq. (2) is implemented as one of
the models.

We were able to fit all field curves, from 0 to 18 T, with only
two modes (i = 1,2), one with positive and one with negative
cyclotron frequency [ωc,1 and ωc,2 in Eq. (2)]. The results of the
best fits at several selected field values are shown in Fig. 1(b)
with gray lines. As can be seen, the fits with only two modes
are able to capture the most important features of the data.
At low fields the reflectance at low frequencies decreases,
whereas above the plasma edge it increases: The plasma
edge is gradually destroyed. At higher fields, characteristic
a new feature develops in reflectance which resembles another
plasma edge [labeled mode γ in Fig. 1(b)], and it seems to
harden with field. Indeed, as we will elaborate below, this
feature is due to a new absorbtion channel, whose frequency
increases with magnetic field.

In Fig. 2 we display the values of fitting parameters from
Eq. (2) for all measured field values. We note that most
parameters display discontinuity around 7 T (marked with
a dotted line in Fig. 2), which we interpret as the extreme
quantum limit (EQL) in Bi1−xSbx at this doping level.18 This
value of the EQL is slightly lower than in pure Bi (9 T),19 but
higher than in Bi1−xSbx with x = 0.04 (3 T).20 Figure 2(a)
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FIG. 2. (Color online) Fitting parameters for the fits shown in
Fig. 1(b), as obtained from Eq. (2). Vertical dotted line represents
the extreme quantum limit (EQL) discussed in the text. (a) Cyclotron
frequencies of both modes. (b) Fitting parameters of the first mode.
(c) Fitting parameters of the second mode.

displays the values of the two cyclotron frequencies ωc,1 and
ωc,2. They have opposite signs, but for simplicity we show
them both as positive in Fig. 2. In this particular fit, the mode
ωc,1 was positive, and ωc,2 was negative. At lower fields, below
the EQL, both ωc,1 and ωc,2 increase with field. Above the EQL
they tend to saturate, or even decrease.

Figures 2(b) and 2(c) display the values of ω0, ωp, and γ for
the two modes, respectively. These parameters show similar
trends for both modes. The most dramatic change occurs for
the ω0 parameters, which are both zero below the EQL, but
acquire finite values above EQL. Above 7 T, both ω0,1 and
ω0,2 increase with field. On the other hand, ωp,2 decreases
significantly, especially above the EQL.

In order to get better insight into absorption processes in
magnetic field we use the best fits obtained with Eq. (2) to
generate model circular conductivities σ±(ω) = σxx ± iσxy .
They are related to the dielectric function tensor as15 σ±(ω) =
ω[ε±(ω) − 1]/(4πi). Figure 3 displays real, dissipative parts
of σ±(ω). Low field curves, below EQL, are shown separately
from the high field curves, for both σ+(ω) and σ−(ω). The top
two panels [Figs. 3(a) and 3(b)] display low magnetic fields
and as can be seen, both σ+(ω) and σ−(ω) are Drude-like at
zero magnetic field. These Drude modes quickly shift to finite
frequencies and harden as field increases. However, we note
that the peak is at much higher frequencies in σ−(ω) than in
σ+(ω) (note logarithmic frequency axis).

At higher fields [Figs. 3(c) and 3(d)], the system enters
the EQL and charge dynamics becomes highly localized.
Optical conductivity of both channels is dominated by a strong
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FIG. 3. (Color online) Real part of σ− [panels (a) and (c)] and σ+
[panels (b) and (d)] calculated from the best fits of reflectance using
Eq. (2). Low magnetic fields below 7 T [panels (a) and (b)] are shown
separately from high magnetic fields above 7 T [panels (c) and (d)].
The inset displays the field dependence of the two peaks. Both peaks
follow linear dependence, however for one of them the extrapolated
value is finite, whereas for the other it is zero.

Lorentzian peak, which shows little field dependence. We
again note that the peak is at a much higher frequency in the
σ−(ω) component. In addition, another peak, superimposed on
the main peak, is observed in both channels, and is at similar
frequencies. These peaks appear to be due to Landau level (LL)
transitions. The peak is at higher frequency in σ+(ω) than in
σ−(ω), but in both σ+(ω) and σ−(ω) the peak is hardening, i.e.,
it shifts to higher frequencies as field increases. At the same
time the intensity of both peaks gradually decrease as the field
increases. In the inset of Fig. 3(c) we display field dependence
of the central frequency of the peak ωLL, and the plot reveals
that ωLL of both peaks is approximately linear function of
the field ωLL ∼ B. Observed linear field dependence is to be
contrasted with the ωLL ∼ √

B behavior identified in Bi1−xSbx

with x = 0.09.21 Note however that for such high doping level,
the system is already in the topological insulating regime. Our
results should also be contrasted with the results on a canonical
topological insulator Bi2Se3, where a single bulk and a single
surface mode were found.22,23

The two modes both display linear field dependence, how-
ever they display different behavior when extrapolated to zero
field. Namely, the frequency of the peak in the σ− channel ex-
trapolates to zero, whereas the frequency of the peak in σ+ ex-
trapolates to a value of approximately 83 cm−1 (10 meV). The
evolution of LL transitions in magnetic field has been discussed
before.21 Based on this discussion we conclude that LL modes
observed in our study are due to bulk carriers, and that the one
that extrapolates to zero frequency in zero field corresponds to
interband LL transitions, whereas the one that extrapolates to
finite value corresponds to intraband LL transitions.

IV. SUMMARY

In summary, we have presented magneto-optical data for
Bi1−xSbx in magnetic fields up to 18 T. As the field increases
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the optical functions are altered, indicating strong sensitivity
of charge carriers to external magnetic field. Our analysis
indicates that two types of charge carriers are present, and
they respond similarly to field. Above 7 T, in the extreme
quantum regime, the response of the system is quite localized,
as indicated by a strong Lorentz-like peak in the optical
conductivity. In addition, we observe absorption features that
are most likely due to Landau level transitions, both inter- and
intraband. Finally, our data reveals similarities, but also some
important differences compared with pure Bi. More notably,
the two modes (α and β) present in pure Bi, are absent from

the spectra of Bi1−xSbx . The other two modes (γ and δ) are
present in both systems and follow similar field evolution.
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