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Abstract: We investigated magneto-optical response of undoped Bi2Te3 films in the terahertz
frequency range (0.3–5.1 THz, 10–170 cm−1) in magnetic fields up to 10 T. The optical transmission,
measured in the Faraday geometry, is dominated by a broad Lorentzian-shaped mode, whose central
frequency linearly increases with applied field. In zero field, the Lorentzian is centered at zero
frequency, representing hence the free-carrier Drude response. We interpret the mode as a cyclotron
resonance (CR) of free carriers in Bi2Te3. Because the mode’s frequency position follows a linear
magnetic-field dependence and because undoped Bi2Te3 is known to possess appreciable number
of bulk carriers, we associate the mode with a bulk CR. In addition, the cyclotron mass obtained
from our measurements fits well the literature data on the bulk effective mass in Bi2Te3. Interestingly,
the width of the CR mode demonstrates a behavior non-monotonous in field. We propose that the CR
width is defined by two competing factors: impurity scattering, which rate decreases in increasing
field, and electron-phonon scattering, which exhibits the opposite behavior.
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1. Introduction

From the theory point of view, a three-dimensional (3D) topological insulator (TI) possesses
insulating bulk and conducting surfaces, the conduction channels at surfaces being spin-polarized [1–4].
Since the spin polarization can potentially be utilized in spintronic devices, topological insulators
have attracted a lot of attention in the past years [5,6]. In practice, the real samples of 3D topological
insulators often conduct not only on their surfaces, but also in the bulk. Considerable efforts have been
made to understand and separate the properties of surface and bulk charge carriers. These properties
can particularly be studied via different spectroscopic techniques, such as angle-resolved photoemission
spectroscopy (ARPES) or optical and magneto-optical spectroscopy. The optical conductivity and
cyclotron resonance (CR) of a number of 3D TI materials have been reported in the literature. Perhaps
the most studied family of such TIs is the bismuth selenide: bismuth telluride series, Bi2(Te1 − xSex)3,
which also includes the undoped members, Bi2Te3 and Bi2Se3 [7–9]. In this study, we concentrate on
Bi2Te3. Namely, we investigate experimentally the CR in this compound. Surprisingly, the published
cyclotron-resonance measurements performed on this well-studied TI produce rather diverging
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results [10–13] with the absorption features being generally of rather complex shapes. One of the
reasons for such diversity might be the sample-dependent variation between the surface and bulk
contributions, which, in turn, greatly depend on the exact position of the Fermi level.

Unlike in the majority of previous reports [11–13], the CR absorption observed in our study can be
well described by a single Lorentzian-shaped mode (which is rather consistent with the earliest study
on this issue from 1999 [10]). We believe the absorption we detect is of bulk origin. Thus, our findings
might be useful for the proper interpretations of the CR modes in doped Bi2Te3, where the balance
between the surface and bulk-states contributions can be shifted towards the former, but the bulk still
cannot be completely ignored.

2. Materials and Methods

We grew thin layers of Bi2Te3 on (111)-oriented BaF2 substrates by molecular beam epitaxy [14].
For the growth, we used binary Bi2Te3 and elemental Te. This is different from the standard practice,
when elemental (Bi and Te) sources are utilized with the typical flux ratio of Te/Bi being about 10 to 20.
Using Bi2Te3 and Te allowed us to reduce this ratio to the values below 1 and, hence, to precisely control
the stoichiometry of the growing layer. Along with the employed “ramp up” growth procedure [15],
these two approaches successfully suppress twin formation in the growing films. X-ray diffraction (XRD)
φ scans about the [0 0 1] axis on the asymmetric (1 0 10) reflection revealed only 120◦-periodic peaks
and confirmed that the films obtained by this method are either single-domain or have a very small
twin volume fraction (3–7% for the films with 1 cm2 area) with the c axis of Bi2Te3 being perpendicular
to the substrate surface. To the best of our knowledge, this thin-film growth method is unique.

In order to prevent possible influence of atmospheric oxygen and water, we have developed
a method to cover the TI films in situ with optically-friendly protecting layers of BaF2 [16]. We have
found that 30–50 nm of BaF2 provide the optimal protection. Our measurements have shown that the
BaF2 cap layers affect neither crystal-structure parameters nor optical properties at the frequencies
of interest.

The sample used in this study was thoroughly characterized by XRD, scanning electron microscopy
(SEM), atomic force microscopy (AFM), and angle-resolved photoemission spectroscopy (ARPES).
The results of these investigations, presented in the Supplementary Materials, confirm high structural
and morphological quality of the film and show that the film possesses the topological surface electronic
states as well as the states in the bulk conduction band.

For optical measurements, we utilized the infrared optical setup available at the High Field
Magnet Laboratory in Nijmegen [17]. This setup consists of a commercial Fourier-transform infrared
(FTIR) spectrometer (Bruker IFS113v) (Bruker Optik GmbH, Ettlingen, Germany) combined with
a continuous-field 33-Tesla Bitter magnet. A detailed description of this setup could be found
elsewhere [18]. The measurements were performed in the Faraday geometry [19] at 2 K. A mercury
lamp was used as a radiation source. The far-infrared radiation was detected using a custom-made
silicon bolometer operating at 1.4 K. The FTIR spectra were recorded in a number of magnetic fields
from 0 to 30 T. The optical data were collected between 10 and 170 cm−1 (300–5100 GHz), using a 200-µm
Mylar beamsplitter and a scanning velocity of 50 kHz. At each field, at least 100 scans were averaged.
As will be seen below, the data obtained in the fields above 10 T cannot be used in our analysis because
of a low signal-to-noise ratio. Thus, in this study we concentrate on the measurements performed
between 0 and 10 T.

3. Results and Discussion

In Figure 1, we show raw transmission data measured though the 115-nm-thick Bi2Te3 film on
a 0.49-mm-thick BaF2 substrate (cf. S2 in the Supplemental Material) in magnetic fields B up to 10 T.
We note that all the measurements reported in this study are performed on a single sample. As seen
from Figure 2, the substrate has no detectable field dependence. Hence, all the field-inducted changes
come from the film. We note that the BaF2 substrate has intense phonon modes at roughly 50 and



Crystals 2020, 10, 722 3 of 7

140 cm−1 [20]. Thus, accurate measurements around these frequencies are impossible. The spectra
of Figure 1 are dominated by a single broad mode, which position shifts to higher frequencies in
increasing field. The spectra can be fitted by a single Lorentzian, as exemplified in Figure 3 for 2, 4,
and 6 T. In zero field, the Lorentzian central frequency is zero, i.e., the observed absorption mode is
due to free carriers (Drude conductivity). The field evolution of the mode can be traced in Figure 1:
with increasing field, the mode shifts upwards and eventually goes above 100 cm−1, i.e., in the range,
where the signal-to-noise ratio is worsened by the spectrometer noise and the phonons in the substrate
(this prevents a meaningful spectra analysis in higher fields). Still, the shift of the mode in the applied
magnetic field is apparent and can straightforwardly be interpreted as a magnetic-field-induced
free-carrier localization or, in other words, a cyclotron-resonance absorption.
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Figure 1. Raw transmission spectra of Bi2Te3 films on BaF2 substrates as obtained in magnetic fields of
up to 10 T. The areas with low signal due to either the substrate phonons or spectrometer electronic
noise are shaded. The signal-to-noise ratio is best at around 80 cm−1 and becomes appreciably lower as
frequency increases (see also Figure 2), preventing thus any meaningful measurements of the cyclotron
resonance (CR) mode at the fields higher than 10 T.
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Figure 2. Frequency-dependent transmission of a bare BaF2 substrate at 10 and 15 T normalized to its
zero-field spectrum. The noise at high frequencies is due the experimental setup. The Figure is meant
to demonstrate: (i) the absence of any field-induced changes in the optical spectra of BaF2 and (ii) the
frequency limits of the setup used.
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The Lorentzian-fit results for this CR absorption mode in the fields from 0 to 10 T are shown in
in Figure 4. One can see that the central frequency of the absorption line is linear in field (left panel).
This immediately signals that the electronic band(s) responsible for the observed absorption have
a quadratic dispersion relation. For linear electronic bands, the field dependence of the CR lines is
supposed to have a square root dependence on applied field [21]. Thus, following the Occam’s razor
principle, we conclude that the mode is due to bulk (i.e., not linear, not topological) electronic bands.
This conclusion is in full agreement, e.g., with ARPES [9] and quantum-oscillations [22] measurements,
which show that the Fermi level in undoped Bi2Te3 crosses the bulk conduction band and hence there
exists a large bulk Fermi surface.
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strengths as indicated. The raw experimental data are smoothed, using a Savitzki–Golay method [23].
Note that the spectra for 4 and 6 T are shifted upwards for clarity.
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Figure 4. CR-line central frequency (left frame) and full width at half maximum (FWHM) (right frame)
versus applied magnetic field. The dashed line is a fit with m* = 0.1me. The red solid line is a guide for
the eye.

We note that weak modes due to the surface conduction channels may exist on top of the
dominating bulk abortion, but within our accuracy they cannot be resolved.

The linear field dependence of the central CR frequency, ω0, can be fitted with the standard
parabolic-band expression, connecting the slope ofω0(B) and the carrier cyclotron mass, m*, ω0 = eB/m*c
(CGS units are used, e is the elementary charge, c is the speed of light). This fit is shown in the left
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panel of Figure 4 as a straight line and provides m* = 0.1me (me is the free-electron mass). This value
is in very good agreement with the available literature data on the bulk effective mass in Bi2Te3 [24]:
m* = 0.109me for the response perpendicular to the c-axis, which we do probe in our transmission
experiment with unpolarized light. This match provides another confirmation for the correctness of
our interpretation. We would like to note here that the complete agreement between the calculated
electronic band structure of Bi2Te3 and the entire body of the available experimental work is still to be
achieved, as emphasized in a recent review [25].

Finally, we turn to the width of the absorption band. As one can see from the right panel of
Figure 4, the full width at half maximum (FWHM) of the band demonstrates a non-monotonous field
dependence: in low fields, it decreases with increasing B and then, starting at approximately 5 T,
the FWHM starts growing with the applied field. The initial decrease of FWHM can be naturally
explained by the decreasing cyclotron-orbit radius with increasing B and the consequent decrease of
impurity scattering. The reason for the CR mode broadening in B > 5 T is not entirely clear. We propose
that this could be due to the increased electron-phonon scattering. In higher fields, the CR mode
approaches the frequencies, where phonon density grows (roughly, above 40 cm−1; cf. the left panel
of Figure 4 and [26], where the phonon density for Bi2Te3 was calculated) and hence the rate of the
electron-phonon scattering starts to increase, leading to the observed total broadening of the CR line
according to the Matthiessen rule.

4. Conclusions

We have investigated the magneto-optical response of undoped Bi2Te3 films at terahertz frequencies
and in magnetic fields of up to 10 T. We observed an intense CR line, which can be fitted with a single
Lorentz oscillator. The central frequency of the CR increases linearly with applied field, signaling
the bulk origin of this resonance. In addition, we found the “in-plane” cyclotron mass, m* = 0.1me,
which matches well the literature data for bulk Bi2Te3. The width of the CR mode demonstrates
a behavior non-monotonous in field. We propose that the CR width is defined by two competing
factors: impurity scattering, which rate decreases in increasing field, and electron-phonon scattering,
which rate demonstrates the opposite behavior. We believe our findings can be exploited in future
measurements of the surface-states CR in Bi2Te3 to disentangle the bulk and surface contributions.
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Author Contributions: Far-infrared optical measurements and data analysis, D.L.K. and A.V.P.; ARPES
measurements, H.M.B.; sample preparation and characterization, V.P.M., K.S.P., and Y.G.S.; writing—original draft
preparation, D.L.K.; writing—review and editing, A.V.P. and Y.G.S.; funding acquisition, D.L.K., A.V.P., and Y.G.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by the PRIME program of the German Academic Exchange Service
(DAAD) with funds from the German Federal Ministry of Education and Research (BMBF) and by the Russian
Foundation for Basic Research (grant No. 20-02-00989). H.M.B. acknowledges funding from the German Research
Foundation (DFG) via Project No. BE 5190/1-1. We also acknowledge the support of HFML-RU/NWO, member of
the European Magnetic Field Laboratory (EMFL).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Fu, L.; Kane, C.L.; Mele, E.J. Topological insulators in three dimensions. Phys. Rev. Lett. 2007, 98, 106803.
[CrossRef] [PubMed]

2. Moore, J.E.; Balents, L. Topological invariants of time-reversal-invariant band structures. Phys. Rev. B 2007,
75, 121306. [CrossRef]

3. Hsieh, D.; Qian, D.; Wray, L.; Xia, Y.; Hor, Y.S.; Cava, R.J.; Hasan, M.Z. A topological Dirac insulator in
a quantum spin Hall phase. Nature 2008, 452, 970–974. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4352/10/9/722/s1
http://dx.doi.org/10.1103/PhysRevLett.98.106803
http://www.ncbi.nlm.nih.gov/pubmed/17358555
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1038/nature06843
http://www.ncbi.nlm.nih.gov/pubmed/18432240


Crystals 2020, 10, 722 6 of 7

4. Hsieh, D.; Xia, Y.; Wray, L.; Qian, D.; Pal, A.; Dil, J.H.; Osterwalder, J.; Meier, F.; Bihlmayer, G.; Kane, C.L.;
et al. Observation of unconventional quantum spin textures in topological insulators. Science 2009, 323,
919–922. [CrossRef]

5. Hasan, M.Z.; Kane, C.L. Colloquium: Topological insulators. Rev. Mod. Phys. 2010, 82, 3045–3067. [CrossRef]
6. Qi, X.-L.; Zhang, S.-C. Topological insulators and superconductors. Rev. Mod. Phys. 2011, 83, 1057–1110.

[CrossRef]
7. Xia, Y.; Qian, D.; Hsieh, D.; Wray, L.; Pal, A.; Lin, H.; Bansil, A.; Grauer, D.; Hor, Y.S.; Cava, R.J.; et al.

Observation of a large-gap topological-insulator class with a single Dirac cone on the surface. Nat. Phys.
2009, 5, 398–402. [CrossRef]

8. Zhang, H.; Liu, C.-X.; Qi, X.-L.; Dai, X.; Fang, Z.; Zhang, S.-C. Topological insulators in Bi2Se3, Bi2Te3 and
Sb2Te3 with a single Dirac cone on the surface. Nat. Phys. 2009, 5, 438–442. [CrossRef]

9. Chen, Y.L.; Analytis, J.G.; Chu, J.-H.; Liu, Z.K.; Mo, S.-K.; Qi, X.L.; Zhang, H.J.; Lu, D.H.; Dai, X.; Fang, Z.;
et al. Experimental realization of a three-dimensional topological insulator, Bi2Te3. Science 2009, 325, 178–181.
[CrossRef]

10. Kulbachinskii, V.A.; Miura, N.; Arimoto, H.; Ikaida, T.; Lostak, P.; Horak, H.; Drasar, C. Cyclotron resonance
in high magnetic fields in Bi2Se3, Bi2Te3 and Sb2Te3 based crystals. J. Phys. Soc. Jpn. 1999, 68, 3328–3333.
[CrossRef]

11. Wolos, A.; Szyszko, S.; Drabinska, A.; Kaminska, M.; Strzelecka, S.G.; Hruban, A.; Materna, A.; Piersa, M.
Landau-level spectroscopy of relativistic fermions with low Fermi velocity in the Bi2Te3 three-dimensional
topological insulator. Phys. Rev. Lett. 2012, 109, 247604. [CrossRef] [PubMed]

12. Tung, L.-C.; Yu, W.; Cadden-Zimansky, P.; Miotkowski, I.; Chen, Y.P.; Smirnov, D.; Jiang, Z. Magnetoinfrared
spectroscopic study of thin Bi2Te3 single crystals. Phys. Rev. B 2016, 93, 085140. [CrossRef]

13. Dordevic, S.V.; Lei, H.; Petrovic, C.; Ludwig, J.; Li, Z.Q.; Smirnov, D. Observation of cyclotron antiresonance
in the topological insulator Bi2Te3. Phys. Rev. B 2018, 98, 115138. [CrossRef]

14. Kuntsevich, A.Y.; Gabdullin, A.A.; Prudkogliad, V.A.; Selivanov, Y.G.; Chizhevskii, E.G.; Pudalov, V.M.
Low-temperature Hall effect in bismuth chalcogenides thin films. Phys. Rev. B 2016, 94, 235401. [CrossRef]

15. Volosheniuk, S.O.; Selivanov, Y.G.; Bryzgalov, M.A.; Martovitskii, V.P.; Kuntsevich, A.Y. Effect of Sr doping
on structure, morphology, and transport properties of Bi2Se3 epitaxial thin films. J. Appl. Phys. 2019, 125,
095103. [CrossRef]

16. Melnikov, A.A.; Boldyrev, K.N.; Selivanov, Y.G.; Martovitskii, V.P.; Chekalin, S.V.; Ryabov, E.A. Coherent
phonons in a Bi2Se3 film generated by an intense single-cycle THz pulse. Phys. Rev. B 2018, 97, 214304.
[CrossRef]

17. Wiegers, S.A.J.; Christianen, P.C.M.; Engelkamp, H.; den Ouden, A.; Perenboom, J.A.A.J.; Zeitler, U.; Maan, J.C.
The high field magnet laboratory at Radboud University Nijmegen. J. Low Temp. Phys. 2010, 159, 389–393.
[CrossRef]

18. Tarelkin, S.A.; Bormashov, V.S.; Pavlov, S.G.; Kamenskyi, D.L.; Kuznetsov, M.S.; Terentiev, S.A.;
Prikhodko, D.D.; Galkin, A.S.; Hübers, H.-W.; Blank, V.D. Evidence of linear Zeeman effect for infrared
intracenter transitions in boron doped diamond in high magnetic fields. Diam. Relat. Mater. 2017, 75, 52–57.
[CrossRef]

19. Palik, E.D.; Furdyna, J.K. Infrared and microwave magnetoplasma effects in semiconductors. Rep. Prog. Phys.
1970, 33, 1193–1322. [CrossRef]

20. Zhukova, E.S.; Aksenov, N.P.; Gorshunov, B.P.; Selivanov, Y.G.; Zasavitskiy, I.I.; Wu, D.; Dressel, M.
Far infrared spectroscopy of Pb1−xEuxTe epitaxial layers. Phys. Rev. B 2010, 82, 205202. [CrossRef]

21. Wehling, T.O.; Black-Schaffer, A.M.; Balatsky, A.V. Dirac materials. Adv. Phys. 2014, 63, 1–76.
22. Qu, D.-X.; Hor, Y.S.; Xiong, J.; Cava, R.J.; Ong, N.P. Quantum oscillations and Hall anomaly of surface states

in the topological insulator Bi2Te3. Science 2010, 329, 821–824. [CrossRef] [PubMed]
23. Savitzky, A.; Golay, M.J.E. Smoothing and differentiation of data by simplified least squares procedures.

Anal. Chem. 1964, 36, 1627–1639. [CrossRef]
24. Stordeur, M.; Stolzer, M.; Sobotta, H.; Riede, V. Investigation of the valence band structure of thermoelectric

(Bi1-x,Sbx)2Te3 single crystals. Phys. Status Solidi B 1988, 150, 165–176. [CrossRef]

http://dx.doi.org/10.1126/science.1167733
http://dx.doi.org/10.1103/RevModPhys.82.3045
http://dx.doi.org/10.1103/RevModPhys.83.1057
http://dx.doi.org/10.1038/nphys1274
http://dx.doi.org/10.1038/nphys1270
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1143/JPSJ.68.3328
http://dx.doi.org/10.1103/PhysRevLett.109.247604
http://www.ncbi.nlm.nih.gov/pubmed/23368380
http://dx.doi.org/10.1103/PhysRevB.93.085140
http://dx.doi.org/10.1103/PhysRevB.98.115138
http://dx.doi.org/10.1103/PhysRevB.94.235401
http://dx.doi.org/10.1063/1.5080692
http://dx.doi.org/10.1103/PhysRevB.97.214304
http://dx.doi.org/10.1007/s10909-009-0076-8
http://dx.doi.org/10.1016/j.diamond.2017.01.004
http://dx.doi.org/10.1088/0034-4885/33/3/307
http://dx.doi.org/10.1103/PhysRevB.82.205202
http://dx.doi.org/10.1126/science.1189792
http://www.ncbi.nlm.nih.gov/pubmed/20671155
http://dx.doi.org/10.1021/ac60214a047
http://dx.doi.org/10.1002/pssb.2221500120


Crystals 2020, 10, 722 7 of 7

25. Fang, T.; Li, X.; Hu, C.; Zhang, Q.; Yang, J.; Zhang, W.; Zhao, X.; Singh, D.J.; Zhu, T. Complex band structures
and lattice dynamics of Bi2Te3-based compounds and solid solutions. Adv. Funct. Mater. 2019, 29, 1900677.
[CrossRef]

26. Cheng, W.; Ren, S.-F. Phonons of single quintuple Bi2Te3 and Bi2Se3 films and bulk materials. Phys. Rev. B
2011, 83, 094301. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/adfm.201900677
http://dx.doi.org/10.1103/PhysRevB.83.094301
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

