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Thin BisTes single crystals laid on Scotch tape are investigated by Fourier transform infrared
spectroscopy at 4K and in a magnetic field up to 35T. The magneto-transmittance spectra of the
BisTes/tape composite are analyzed as a stacked-slab system, and the average thickness of BisTes
is estimated to be 6.4 & 1.7um. The optical conductivity of BixTes at different magnetic fields is
then extracted, and we find that magnetic field modifies the optical conductivity in the following
ways: (1) Field-induced transfer of the optical weight from the lower frequency regime (< 250cm ™)
to the higher frequency regime (> 250(:m71) due to the redistribution of charge carriers across the
Fermi surface. (2) Evolving of a Fano-resonance-like spectral feature from an anti-resonance to a
resonance with increasing magnetic field. Such behavior can be attributed to the electron-phonon
interactions between the F, optical phonon mode and the continuum of electronic transitions. (3)
Cyclotron resonance resulting from the inter-valence band Landau level transitions, which can be
described by the electrodynamics of massive Dirac holes.

Recently, bismuth telluride (BiyTes), along with
BisSes, SboTes, and other V4o VI3 binary alloys, were dis-
covered to be a physical realization of a three-dimensional
(3D) topological insulator (TI).! The insulating bulk of
a TT is enclosed by a robust conducting surface, which
exhibits a linear Dirac-like band structure protected by
time-reversal symmetry. The strong spin-orbit coupling
in TIs also leads to unusual spin-momentum locking?
as well as unique magnetoelectric effects.®> These phe-
nomena may have profound implications in future na-
noelectronic, spintronic and thermoelectric devices.*6
More TIs are discovered and/or proposed, including
SrTiO3/LaAlO3 interface™®, InAs/GaSb coupled quan-
tum well?, HgTe under strain'®, grey tin!!, and topolog-
ical oxides.1? 14

Since its discovery, considerable efforts have been made
to understand the electronic properties of both surface
and bulk charge carriers in 3D TIs. These properties can
be studied via optical techniques including angle-resolved
photoemission spectroscopy, optical conductivity, and
magneto-infrared spectroscopy. The optical conductiv-
ity and cyclotron resonance (CR) of several TI materi-
als have been reported.!® 24 In particular, transitions be-
tween the quantized Landau levels (LLs) of the Dirac sur-
face states have been observed in Big.g91Sbg g9, though it
seems to suggest three distinct Fermi velocities, thus im-
plying three Dirac cones on the [211] surface.'® In BiySes,
interband LL transitions have also been observed and
they can be attributed to the electrodynamics of massive
Dirac fermions in TIs.?* In this Report, magneto-infrared
transmittance spectroscopy is used to obtain the optical
conductivity of thin BiyTes single crystal flakes laid on
a strip of Scotch tape. The thickness of the BisTes is
reduced by exfoliation, in order to suppress the bulk con-
tribution and allow for appreciable infrared transmission.
Transmittance spectroscopy is preferred for resolving op-
tical modes in TIs, because an optical mode generally
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results in an absorption dip in the transmittance spec-
trum. Our measurements reveal that a Fano resonance®
occurs at the E} optical phonon mode?%27 which evolves
from an anti-resonance (enhanced transmission) to a res-
onance (absorption) with increasing magnetic field. In
addition, a broad magnetic-field dependent absorption is
observed due to the inter-valence band LL transitions of
massive Dirac holes.??:24:28,29

BiyTes crystallizes in a rhombohedral structure (point
group 3mDsd) with quintuple layers stacked along the
trigonal c-axis.?® The neighboring quintuple layers are
bounded by weak van der Waals forces, allowing for ex-
foliation of BisTeg thin layers. In this work, we first ex-
foliate a thin BisTes crystal from a larger piece and lay it
on a strip of Scotch tape. The thickness of this thin crys-
tal is further reduced by repeatedly lifting layers from
it. Optical microscopy investigation reveals that the re-
sulting sample consists of thousands of thin flakes with
most of them exhibiting an area of 100 — 300um?. The
BisTes/tape composite is then placed in a liquid helium
cryostat held at 4K subject to a high magnetic field up
to 35T. Magneto-infrared transmission spectra are mea-
sured by a Fourier transform infrared spectrometer using
light pipe optics, and the transmittance is obtained by
the ratio to a reference spectrum taken in the absence of
the sample.

A set of magneto-transmittance spectra of the
BiyTes/tape composite at different magnetic fields is
shown in Fig. 1(b) and compared with that of the tape
at zero field in Fig. 1(a). Here, as one can see, the
BigTes/tape composite is transparent at low frequen-
cies, while the transmittance drops rapidly approach-
ing 1200cm~! (1leV =~ 8065cm~!) as indicated by the
(blue) arrow in Fig. 1(b). This drop in transmittance
occurs in all the spectra taken at different magnetic
fields, and it can be attributed to the rise of the conduc-
tance/absorption due to the electronic transitions from
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FIG. 1: (Color online) (a) The transmittance spectrum of
the Scotch tape. The tape is transparent at low frequen-
cies (< 700cm™'), while sharp absorption lines appear at
> 700cm™!. These sharp lines have minimal effects to the
spectral features discussed in this work, as those features are
much broader and occur at lower frequencies. Inset: The
schematic layout of the BixTes flakes on Scotch tape. (b) The
magneto-transmittance spectra (green) of the BizTes/tape
composite. The spectra are shown in every 4T from 7T to
35T and each spectrum is offset vertically for clarity. Red
solid lines represent the best fits to the data via modeling
the composite as a stacked—slab system and considering par-
allel interface interference. The (blue) arrow approaching
1200cm ™! indicates where the transmittance drops rapidly
with increasing photon frequency. The short arrow around
50cm ™! labels the spectral feature that can be attributed to
a Fano resonance. A broad dip gradually shifts to higher fre-
quencies with increasing magnetic field as indicated by the
dotted arrow. The infrared-active optical phonon modes are
marl;gd with (blue) dashed lines with the values taken from
Ref.*®.

the valence to conduction band. The drop-off frequency
(~1200cm~1!) implies a bandgap around 0.15eV, consis-
tent with that reported in literature.3':32 The parallel
surfaces of the tape and the BiyTes flakes cause a series
of etalon oscillations. The period of the oscillation de-
pends on the magnetic field owing to the field-dependent
refractive index of BisTes. Nevertheless, a discernible dip
located around 50cm~! (as indicated by the short arrow
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in Fig. 1(b)) develops at high magnetic fields, while an-
other broader dip gradually blue shifts to higher frequen-
cies as guided by the dotted arrow.

To extract the optical conductivity of BisTes, the ac-
quired spectra of the BiyTesz/tape composite are mod-
eled as a stacked-slab system considering the etalon os-
cillations due to the parallel interfaces of each slab using
RefFit.?3 The dielectric function of each layer is modeled
by a set of Drude-Lorentz modes as €1(w) + iea(w) =

2

€oo T+ Zj wg]::%, where €4, is the high-frequency
dielectric constant. The parameters wy;, woj, and v; are
the plasma frequency, the oscillator’s natural frequency,
and the linewidth of the j-th Lorentz oscillator, respec-
tively. The real part of the optical conductivity can then
be calculated by oy = “22. It is important to note that
the net transmittance spectra of the BiyTes flakes can-
not be directly obtained by the ratio of the transmit-
tance spectra of the BisTes/tape composite to that of
the tape, because the tape-vacuum and tape-BisTes in-
terfaces have very different Fresnel coeflicients. The best
fits to the data are shown in Fig. 1(b) for each mag-
netic field. An asymmetric, Fano-resonance-like spectral
feature is revealed at low frequencies near the infrared-
active E! optical phonon mode, which will be discussed
below in the context of Fig. 2(b).

From the transmittance spectrum of the tape (Fig.
1(a)), the dielectric function and the thickness of the tape
can be determined from the etalon oscillations. These pa-
rameters are held constant when analyzing the magneto-
transmittance spectra of the BisTes/tape composite, and
the best fits to the data in Fig. 1(b) (red solid lines) are
obtained using 69+ 2um for the thickness of the tape and
6.4 £ 1.7um as the average thickness of BisTes flakes.
For the sake of simplicity, in this work we regard the
flakes as a uniform thin slab, disregarding the existence
of the surface layers. The optical conductivity of BisTeg
can then be calculated from the best fit of the magneto-
transmittance spectrum.

The optical conductivity spectra of BisTes at selected
fields are plotted in Fig. 2 (a). To ensure that minute
or non-Lorentzian conductivity contributions are not ne-
glected by modeling, the difference between the fits and
the measured transmittance spectra in Fig. 1 (b) are cal-
culated, and a correction is applied to the as-calculated
conductivity spectra by adding a conductivity correction
Aoy = 47;1:1 Ao ~ M"—;fd%, where pp is the magnetic
permeability which is assumed to be 1 for non-magnetic
materials, ny is the real part of the refractive index which
is obtained from the dielectric function, d is the aver-
age thickness of the flakes, ¢ is the speed of light, and
A« represents a correction to the absorption coefficient
which amounts to the observed transmittance difference.
In Fig. 2 (a), we plot the corrected conductivity spectra
overlaid on top of the as-calculated spectra for compari-
son. It is clear that the model did not completely remove
the etalon oscillations due to its over-simplicity. Never-
theless, the period of the oscillations in the corrected con-
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FIG. 2: (Color online) (a) The real part of the optical con-
ductivity of BigTes. The spectra are shown in every 4T from
7T to 35T and each spectrum is offset vertically for clarity.
The (orange) dashed lines represent the as-calculated optical
conductivity from the best fits to the data, and the (red) solid
lines represent the corrected optical conductivity which con-
siders the differences between the best fits and the measured
transmittance spectra in Fig. 1(b). Three Lorentzian modes,
shown in (black) dashed lines, are used to describe the broad
spectral feature centered at ~150cm~!. Inset: Schematic
band structure of BisTes reproduced from Ref.*2. (b) The
Fano resonance is separated for further analysis. The solid
lines represent the best fits to the data using Fano formula.

ductivity spectra agrees with the thickness of the tape,
extracted from Fig. 1(a).

At low magnetic fields, a broad conductivity peak
(modeled as three Lorentzian modes in Fig. 2(a)) is
evidenced at ~150cm™'. We notice that a double-
Lorentzian spectral structure around 200cm ™' was pre-
viously observed in BiyTesSe and attributed to the tran-
sitions from the impurity states to the electronic contin-
uum states.2? In this study, BisTes is p-doped®* and the
center of this broad peak coincides with the band offset
between the upper and the lower valence bands.?? There-
fore, we attribute it to the continuum of the electronic
transitions from the lower valence band to the empty
states above the Fermi surface in the upper valence band.

The conductivity mode located at ~50cm~! invokes
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the asymmetric lineshape of a Fano resonance®® and con-
sistently evolves from an anti-resonance (a dip) to a res-
onance (a peak) with increasing magnetic field as shown
in Fig. 2(b). Fano resonance is ubiquitous across several
branches of physics, and it describes the quantum inter-
ference between two coupled transition pathways: one
via a discrete excited state and the other via a contin-
uum of states. In this study, the discrete state is the E}
optical phonon mode?%:27, while the continuum of states
are the transitions from the lower valence band to the
empty states in the upper valence band. In the pres-
ence of an applied magnetic field, the inter-valence band
transitions are dominated by the quasi-continuous Lan-
dau level transitions with linewidth larger than 70cm 1.
The optical phonon mode and the continuum of the elec-
tronic transitions are coupled via strong electron-phonon
interactions, which can be attributed to the ”charged-
phonon theory”3%:36 and /or the topological magnetoelec-
tric effect.!® A magnetic-field tunable Fano resonance
was also found in BisSes (~64cm~!; a-phonon mode),
and attributed to the topological magnetoelectric and
magnetostriction effects.!® Various types of Fano reso-
nance resulting from the coupling between the optical
phonon modes and electronic transitions were observed
in BiySeyTe and graphitic materials.20-36

To separate the optical conductivity of the Fano reso-
nance for quantitative analysis, other Lorentzian modes
are removed and the contribution of the Fano resonance
is isolated and plotted in Fig. 2(b). The conductiv-

ity of a Fano resonance can be described by Acpen, =
2

2
2¢z—1 . _ w
2021 with 2 = % and 00 Fano = 72

JO,FanoqqZ(sz) Ay
where wy, is the plasma frequency, wg,, is the phonon en-
ergy, v is the linewidth, and ¢ is the dimensionless Fano
parameter which characterizes the resonance lineshape.
When |g| < 1, the Fano effect results in an anti-resonance
with asymmetric lineshape. When |g| > 1, it becomes a
resonance and its lineshape can be well approximated by
a Lorentzian mode.

As shown in Fig. 2(b), the low-frequency conductivity
contribution can be well fitted by the asymmetric line-
shape of a Fano resonance. The fitting parameters at dif-
ferent magnetic fields are plotted in Fig. 3. In Fig. 3(b),
the Fano parameter ¢ gradually increases from ¢ < 1 to
q >> 1 with increasing magnetic field crossing over ¢ ~ 1
around B ~ 10T. Similarly, the optical strength oo Fano
of the Fano resonance and the E! phonon energy start to
rise at the crossover field as shown in Fig. 3(a) and (c),
respectively. The linewidth - appears to find a minimum
at B ~ 10T as shown in Fig. 3(d).

The observed Fano resonance, as well as that reported
in BisSes, is unusual, because the magnetic-field induced
modification of the Fano effect is rarely found in non-
magnetic systems.'® In addition, it involves an interac-
tion that couples a lattice excitation (an optical phonon
mode) and the electronic transitions between the valence
bands. The electron-phonon interactions between the a-
phonon mode and the electronic transitions in BisSes
were attributed to the magnetostriction in the system
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FIG. 3: (Color online) (a) oo,Fano as a function of the mag-
netic field. Inset: Schematic energy level diagram of the Fano
resonance. (b) The dimensionless Fano parameter ¢ as a
function of the magnetic field. Inset: The displacement of
ions of the EL phonon mode. (c) The energy of the optical
phonon mode E. as a function of the magnetic field. (d)
The linewidth of the Fano resonance v as a function of the
magnetic field. The dotted lines are drawn as guides for the
magnetic-field dependence; they do not result from a theoret-
ical model.

with enhanced spin-orbit coupling and the magnetoelec-
tric coupling in a non-trivial TI.'® A local electric field,
induced by the applied magnetic field via the magneto-
electric effect3”, modifies the motion of the Bi ions and
thus the optical phonon mode.'® In Bi,Ses, the Fano res-
onance is observed when the magnetic field is applied in
the direction parallel to the displacement of the Bi ions in
the a-phonon mode'®, whereas in BiyTes, it is observed
near the E! optical phonon mode in which the displace-
ment of the Bi ions are perpendicular to the magnetic
field direction®%27 as shown in the inset to Fig. 3(b).

The observed Fano-resonance-like behavior is also con-
sistent with the “charged phonon theory”3%3%, in which
the optical phonon mode “borrows” optical strength
(charges) from the electronic transitions or vice versa,
depending on the relative energies of the electronic and
the optical transitions. This theory has been success-
fully adopted to explain the Fano effect in graphitic
materials.? In our case, the electronic transitions gradu-
ally shift to higher energies due to the diamagnetic shift
of the Fermi level and at B ~ 10T it reaches the energy of
the E! phonon mode. For B > 10T, the optical phonon
mode borrows the charges from the electronic transitions,
thus resulting in the rise of the optical strength and the
anti-resonance to resonance crossover. The crossover field
is consistent with the expected diamagnetic shift of the
Fermi level with a hole mass equal to 0.08m,.3!, where
me is the free electron mass.

Other than the Fano resonance, the applied magnetic
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FIG. 4: (Color online) (a) The transition energy w. and the
linewidth ~ as a function of the magnetic field. The (blue)
solid line represents the best fitting curve to Eq. (1). The
(black) dashed line represents the transition energy from the
n = 0 LL to the n = 1 LL in the Dirac surface state with a
Fermi velocity vp ~ 0.36 x 10°m/s. (b) The optical strength
Aopo as a function of the magnetic field. (¢) The magnetic-
field induced optical conductivity change Acop from 7T to
35T with 4T interval. Each conductivity spectrum is offset
vertically for clarity. The horizontal lines label the positions
where the change of the optical conductivity is zero and the
red solid lines are the Lorentzian fits to the data.

field gradually transfers the optical weight from the broad
peak centered at ~150cm ™' to higher frequencies. Mag-
netic field is expected to induce the transitions between
quantized LLs between the lower and the upper valence
bands. The degeneracy and the separation of the LLs
increase with increasing magnetic field, resulting in the
observed optical weight transfer and the increase of the
transition energy. The magnetic-field induced effect can
be evaluated by subtracting the optical conductivity ob-
tained at B = 0T from that obtained at B # 0T:
Aocp = op(w) — op=or(w). The magnetic-field induced
change in optical conductivity is plotted in Fig. 4(c),
where a broad peak develops as increasing magnetic field
and the peak gradually shifts to higher frequencies with
increasing optical strength (cc the enclosed area).

The magnetic-field induced broad peak is analyzed



as a CR resulting from LL transitions using Aocp =

Ao po
1H(2522)2?
the optical strength of the CR, w,. is the cyclotron fre-
quency, and 7 is the linewidth. The cyclotron frequency
w. and the linewidth «y of the CR are plotted in Fig. 4(a),
while the optical strength Aopg is plotted in Fig. 4(b).
The optical strength rises with magnetic field due to the
increasing LL degeneracy and density of states in a 3D
electron system. It is clear that the transition energy
does not extrapolate to zero at zero magnetic field, so
the observed CR is not a consequence of the intraband
LL transitions. Moreover, the energy of the CR falls in
the range of several tens of meV, whereas the excitonic
interband LL transitions (from the valence to conduction
bands) reside in the range of several hundred meV.?* We
notice that the observed transition energy is close to the
band offset between the lower and upper valence bands
in BiyTes (Inset to Fig. 2(a)). Therefore, the observed
magnetic-field dependent mode can be attributed to the
transitions from the LLs in the lower valence band to
that in the upper valence band.

Next, we will attempt to quantitatively describe the
magnetic-field dependence of w,. in Fig. 4(a) as an inter-
valence band LL transition. The holes in the bulk valence
bands are described as massive Dirac fermions, and the

energies of the LLs of massive Dirac fermion disperse
528,29

where the amplitude Aopgg = W” represents

B= i\/ By et 3) %y (1)
where E, is the energy of the direct bandgap, ;g is the
Bohr magneton, m* is the effective mass of the carriers,
n is the LL index, and go is Landé g-factor. The first
+ sign indicates the energy of the conduction (4) or the
valence (-) band, while the second + sign sets the spin
state of the LL. For simplification, we assume that the
LLs of both valence bands can be described by Eq. (1),
but with different bandgap and effective mass, disregard-
ing their relative positions in the Brillouin zone (as shown
in the inset to Fig. 2(a)). We also neglect the spin-flip
transitions and set the same g-factor for both bands. The
transition energy is then insensitive to the choice of the g
value. The hole effective mass mj, ., of the upper valence
band is selected to be 0.08m, because this value was also
determined by a CR measurement.3' The bandgap of the
upper valence band is given as E; ,,, ~ 0.15eV.3? The ef-
fective mass mj .., and the bandgap Fg 0., of the lower
valence band are left as fitting parameters. The transi-
tion energy w. can then be attributed to the transition
from the n = 1 LL in the lower valence band to the n =0
LL in the upper valence band. The calculated magnetic-
field dependence of the transition energy is plotted in Fig.
4(a) in a blue solid line. From the best fitting curve, the
hole effective mass of the lower valence band is found to
be m;low ~ 0.088m, and the bandgap Fg o, =~ 0.21eV.
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The hole effective mass of the lower valence band is very
close to the reported value of m* = 0.09m, for the sec-
ond hole band?!, although the band offset between the
valence bands is found to be AE ~ 30meV from this
simple model, larger than AE ~ 20meV estimated from
transport measurements.?® From these band parameters,
one can evaluate the band velocity vp of the massive
Dirac fermions by vp = \/E4/m*. The band velocities
are vp =~ 0.58 x 10%n/s and vp =~ 0.65 x 105m/s for
the upper and lower valence bands, respectively. These
values are slightly larger than that (vp ~ 0.46 x 105m/s)
found in BipSes.2*

Transitions between the LLs of the Dirac surface states
cannot be distinguished from bulk LL transitions due
to the broad linewidth of the CR. However, we notice
that the transition energy w. deviates from Eq. (1)
at B < 10T, while the linewidth becomes substantially
broader (Fig. 4(a)). The dashed line in Fig. 4(a) il-
lustrates the contribution of the n = 0 — 1 LL tran-
sition of the Dirac surface states with a Fermi velocity
vp >~ 0.36 x 105m/5.39 Tt is possible that the CR of the
surface carriers indeed contributes to the optical conduc-
tivity at low magnetic fields. At a higher field, however,
the diamagnetic shift of the Fermi level depletes the car-
riers in the surface band, and thus the inter-valence band
LL transitions dominate.

In summary, the optical conductivity of thin BisTes
single crystals is studied by the magneto-infrared trans-
mittance spectroscopy in high magnetic fields. An
anomalous field-tunable Fano resonance is observed, and
it is attributed to the electron-phonon interactions be-
tween the E! optical phonon mode and the continuum
of the electronic transitions in the valence bands. The
strong electron-phonon interactions might be suggestive
of the topological magnetoelectric effect. In addition, a
broad absorption mode is found to increase in the optical
strength and the central energy with increasing magnetic
field, and it can be attributed to the transition from the
n = 1 LL in the lower valence band to the n = 0 LL
in the upper valence band. The CR of the surface LLs
cannot be clearly identified in our measurement, but it
might contribute to the unusual broadening of the ab-
sorption at lower fields (B < 10T). Further experimental
studies are needed on intrinsic TT materials with a truly
insulating bulk.
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