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We have investigated two-dimensional nanostructures of the topological insulators Bi2Se3 and Bi2Te3 by
means of temperature and magnetic field dependent Raman spectroscopy. The surface contribution of our
samples was increased by using thin films of dropcasted nanoflakes with the aim of enhancing their topological
properties. Raman spectroscopy provides a contact-free method to investigate the behavior of topological
properties with temperature and magnetic fields at lower dimensions. The temperature dependent Raman
study reveals anharmonic phonon behavior for Bi2Te3 indicative of a two-phonon relaxation mechanism in
this material. Contrary to this, Bi2Se3 shows clear deviations from a two-phonon anharmonic decay model at
temperatures below 120 K exhibiting a hardening and broadening, especially of the A2

1g mode. Similarly, the
magnetic field dependent self-energy effects are only observed for the A2

1g mode of Bi2Se3, showing a broadening
and hardening with increasing field. We interpret our results in terms of corrections to the phonon self-energy
for Bi2Se3 at temperatures below 120 K and magnetic fields above 4 T due to electron-hole pair excitations
associated with the conducting surface states. The phonon renormalization with increasing magnetic field is
explained by a gap opening in the Dirac cone that enables phonon coupling to the changing electric susceptibility.
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I. INTRODUCTION

Topological insulators (TIs) are a new class of materials,
which are insulating in the bulk and host conducting surface
states (CSSs) at the interface between the TI and conventional
insulators [1]. The idea of topological states was strongly
promoted during the aftermath of the discovery of the quan-
tum Hall effect by von Klitzing [2], who identified specific
quantized changes in the Hall conductance, which turn out to
be topological quantum numbers. After several incremental
steps, modern three-dimensional (3D) TIs were predicted in
2007 by Fu et al. [3]. The strong spin-orbit coupling leads,
in specific materials, to a band inversion of two p bands [4],
which is essential for the CSSs. In addition, the electron trans-
port is characterized by spin-momentum locking and a linear
dispersion relation, known as a Dirac cone, superimposed on
the bulk bands [5]. Bi2X3 (X=Se, Te) belongs to the most
frequently studied 3D TI with a single Dirac cone at the �

point of the Brillouin zone [6,7] and bulk band gaps of 0.3 eV
[8] and 0.1 eV [9] for Bi2Se3 and Bi2Te3, respectively.

To explicitly study the CSSs and reduce contributions from
the bulk, we have examined dropcasted nanoflakes with high
aspect ratios that lead to an increased surface contribution.

In order to evaluate the fundamental limit of the conduc-
tivity of electrons in the CSSs at lower dimensions, it is
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important to study the electron-phonon interactions of these
2D materials [10,11].

A unique technique to study phononic and electronic prop-
erties of solids simultaneously is Raman scattering, which
has been widely applied to investigate bulk samples and con-
ventional 2D films of Bi2Se3 [12–15] and Bi2Te3 [14,16,17].
Bi2Se3 and Bi2Te3 are layered materials with a rhombo-
hedral crystal structure that grow in multiples of so-called
quintuple layers (QLs) consisting of alternating Bi and Se
or Te layers, as depicted in Fig. 1(a) [18]. The primitive
unit cell consists of five atoms, which results in 15 lattice
dynamical modes that are classified in three acoustic and 12
optical modes. The optical modes are further grouped into
four Raman-active modes with two modes each of A1g and
Eg symmetry and four infrared(IR)-active modes with two
modes each of A1u and Eu symmetry according to group
theory [18]. Due to the inversion symmetry of the crystal
structure, these phonon modes are exclusively either Raman or
IR active [18]. Of the Raman-active phonons, the A1g modes
are out-of-plane vibrations, whereas the Eg modes vibrate
in-plane.

Systematic temperature dependent Raman studies have
been conducted before on Bi2Se3 single crystals [19,20] and
nanoplates [21], and on Bi2Te3 thin films [22]. In this work,
we report on a temperature and magnetic field dependent high-
energy-resolution Raman study of thin films of individual
Bi2Se3 and Bi2Te3 nanoflakes with average heights in the
range of 8 and 14 QLs, respectively.
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FIG. 1. (a) Schematic illustration of a thin film of Bi2X3 (X=Se,
Te) nanoflakes. This configuration greatly enhances the amount of
surface, which hosts massless Dirac electrons due to the linear
Dirac cone at the � point [29], as shown in the surface Brillouin
zone in the upper right corner. The figure further shows the crystal
structure with blue spheres representing Bi atoms and yellow spheres
representing either Se or Te atoms. (b) Valence-band emission
spectra extracted from XPS spectra of both materials. The Fermi
edge modeled by a step function shows a highly increased electron
density for Bi2Se3 (light-blue, dotted graph) compared to Bi2Te3

(orange, dashed graph). (c),(d) Raman spectra at 3 K in z(xx)z
geometry showing three labeled bulk modes for Bi2Se3 and Bi2Te3,
respectively. The asterisk, dagger, and double dagger mark Raman-
forbidden infrared modes.

Magnetic field dependent Raman measurements are of
utmost importance as they allow for investigations of the
destruction of the CSSs by gapping of the Dirac cone induced
by the presence of a magnetic field [1]. It was theoretically
predicted that the CSSs are sensitive to the application of a
magnetic field [23] and an opening of the Dirac cone has
indeed been observed in magnetically doped TIs [24,25] or
by exchange coupling TIs to magnetic insulators [26–28]. The
tuning of the CSSs with an applied magnetic field is expected
to display a spectroscopic signature, which is amplified due to
the highly increased surface contributions of our nanoflakes.
We therefore interpret our results by means of self-energy cor-
rections of the phonons due to electron-phonon interactions.

II. EXPERIMENTAL PART

Figure 1(a) shows an illustration of strongly anisotropic
nanoflakes. The Bi2Se3 nanoflakes were grown with the
chemical polyol method following our earlier work [30].
The Bi2Te3 nanoflakes were synthesized using a slightly
modified route according to Zhang et al. [31]. Details on
the synthesis are presented in Ref. [30] and in the Sup-
plemental Material [32]. The clean flakes were dropcasted
on a Si substrate and the solvent evaporated. It should be
noted that the structures are not damaged by these prepara-
tory steps, as can be seen in Fig. S-2 of the Supplemental
Material [32]. The required stoichiometry, single crystallinity,
and morphology of both samples were confirmed using en-
ergy dispersive x-ray spectroscopy (EDX), x-ray photoelec-
tron spectroscopy (XPS), transmission electron microscopy
(TEM), selected area electron diffraction (SAED), and atomic

force microscopy (AFM). A detailed characterization of the
nanoflakes can be found in the Supplemental Material [32].

The topological insulator Bi2X3 (X=Se, Te) features Dirac
states at the interface with conventional insulators, but not
at the interface of every QL [28]. It has furthermore been
shown for Bi2Se3, that the CSS wave functions hybridize
below a critical flake thickness of 6 QLs, which results in a gap
opening in the Dirac cone [33]. To investigate the intact CSSs,
it is hence necessary to grow flakes of certain thicknesses and
maintain enough space between dropcasted flakes to prevent
hybridization of the CSSs from neighboring flake surfaces.
With average heights of 8 and 14 QLs for our Bi2Se3 and
Bi2Te3 flakes, respectively, we expect our samples to host
unperturbed CSSs. In addition, our flakes were grown covered
with the ligand polyvinylpyrrolidone (PVP) to facilitate a 2D
growth. The PVP layers act as conventional insulators and
thus provide sufficient spacing between neighboring flakes. It
is known that the CSSs are robust against different kinds of
adsorbates and are maintained even under ambient environ-
mental conditions [24,34]. However, adsorbates are known to
induce a band bending of the bulk bands near the surface due
to charge accumulation [6,35]. This leads to the creation of ad-
ditional surface quantum well states originating from the bulk
bands coexisting next to the CSSs. Nonetheless, the CSSs stay
intact, but are pushed deeper into the bulk separating them
from the surface defects [36]. Thus, for volume scattering
techniques, the CSSs stay detectable as Raman scattering is
able to probe the whole volume including the deeper-lying
CSSs, in contrast to surface sensitive techniques such as
angle-resolved photoemission spectroscopy (ARPES). In fact,
Raman scattering probes the complete thickness of a flake of
about 10 nm. Therefore, probing a thin film of dropcasted
nanoflakes is expected to contain a manifold of topologically
nontrivial contributions, as illustrated in Fig. 1(a), making it
easier to observe phenomena that have their origin in those
exotic states.

We conducted Raman measurements on films of drop-
casted nanoflakes using the 647.1 nm excitation line of a
continuous-wave Kr+ gas laser. The incident laser power was
limited to 6.2 mW and focused on a 50-μm-diameter spot size
to prevent laser induced heating or damage of the sample,
which is shown in detail in the Supplemental Material [32].
The sample was mounted so that the incident light impinged
on the flakes perpendicular to their surfaces. The scattered
light from the sample was collected in a backscattering con-
figuration, dispersed through a triple-stage spectrometer, and
then detected with a liquid-nitrogen-cooled charged-coupled-
device detector. The horizontal polarization of the incident
light with regard to the setup was selected with a polarization
rotator and the scattered light was analyzed by the triple-
stage gratings of the spectrometer that is primarily sensitive
to horizontally polarized light [37]. Our scattering configu-
ration denoted in Porto notation is hence z(xx)z [38]. The
samples were inserted into a continuous He-flow cryostat,
which itself was horizontally mounted in the open bore of a
superconducting magnet. This setup allowed for simultaneous
temperature (3–295 K) and magnetic field (0–7 T) dependent
measurements. Magnetic field dependent measurements were
performed in Faraday geometry with the wave vector of the
incident light �q parallel to the applied field �H .
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III. RESULTS AND DISCUSSION

Figure 1(b) shows the valence-band spectra extracted from
XPS measurements of the Bi2Se3 and Bi2Te3 films. The
indicated Fermi edges modeled by step functions reveal, for
Bi2Se3, a highly increased electron density near the Fermi
edge compared to Bi2Te3. Differences in the two samples are
also reflected in their phononic properties measured by Raman
spectroscopy. The implication of the enhanced surface contri-
bution of our flakes is already observable in the representative
Raman spectra shown in Figs. 1(c) and 1(d). Next to the three
identified bulk phonon modes that are in good agreement with
previous experiments [18,39,40], additional IR-active modes
at 158 cm−1 in Bi2Se3 and at 98 cm−1 and 113 cm−1 in Bi2Te3

are detected [14,15,41]. The IR-active modes become Raman
active because of the breaking of the crystal’s inversion sym-
metry at the surface of the nanoflakes [15]. This aspect is a
direct manifestation of the enhanced surface-to-volume ratio
of the dropcasted nanoflakes compared to the bulk material.
The bulk material crystallizes in the D3d space group with
inversion symmetry, whereas the symmetry at the surface is
reduced toC3v [15]. Gnezdilov et al. [15] reported that the A2

2u
mode at 158 cm−1 in the case of Bi2Se3 is only observable
at temperatures below 10 K for their bulk crystalline sample.
In contrast, for our nanoflake samples, we were able to ob-
serve this mode even at elevated temperatures up to ∼160 K
(see Fig. S-9 in the Supplemental Material [32]), indicating
enhanced surface contributions with respect to the scattering
volume at lower temperatures. Likewise, the IR modes in
the Bi2Te3 films are detected for temperatures up to 100 K
(see Fig. S-9 in the Supplemental Material [32]). Furthermore,
the high single crystalline quality of our flakes is indicated
by the nearly resolution-limited linewidths of the Bi2Te3

phonons. In Sec. 5 in the Supplemental Material [32], we
discuss in detail that the narrow linewidths and high quality
of the Bi2Se3 spectra suggest nearly stoichiometric samples
with only a few Se vacancies. Furthermore, a sensitivity of
the phonons to band-bending effects due to adsorbates at
the surface and consequent localized electronic surface states
cannot be seen. Since Raman is a volume scattering technique,
we do not expect to observe any contributions from possible
highly localized electronic states at the sample surface. This
leads us to conclude that the phonons track the CSSs and
electronic states associated to the Fermi level of our sample.
Furthermore, we conclude from the low number of Se vacan-
cies that the Fermi level in our sample lies indeed between the
bulk valence and conduction band.

We conducted a detailed temperature dependent Raman
study by acquiring 30 spectra for each material system in a
temperature range from 3 to 295 K. To investigate the phonon
dynamics, we extracted the values of the frequency ω and the
linewidth � [full width at half maximum (FWHM)] from the
respective Voigt fits to the phonon modes. The Voigt profile is
represented by a Lorentz profile broadened by a Gaussian that
accounts for the spectral resolution of the spectrometer, and is
given as

V (ω) = y0 + A
2 ln 2

π3/2

�L

�2
G

×
∫ ∞

−∞

e−t2

(√
ln 2 �L

�G

)2 + (√
4 ln 2 ω−ω0

�G
− t

)2 dt . (1)

FIG. 2. Self-energy effects from Voigt fits of the temperature
dependent Raman response for Bi2Se3 (left column) and Bi2Te3

(right column). (a),(b) The A1
1g phonons, (c),(d) the E 2

g phonons, and
(e),(f) the A2

1g phonons. The red lines are fits using the model of an
anharmonic decay with a symmetric decay channel into two acoustic
phonons. The data show the general trend of an anharmonic decay
consisting of broadening and softening with increasing temperature.
Clear deviations from the model are present for the high-energy
modes in Bi2Se3 [(c) and (e)], which are mirrored in energy and
linewidth. Below ∼120 K, the phonons exhibit higher energies and
linewidths than expected from the usual anharmonic phonon decay,
as an indication for additional phonon interactions with the electronic
system.

Hereby, �G,L denotes the linewidth of both convoluted peaks,
with a spectral resolution of the setup of �G=1.4 cm−1, ω0
is the peak center, A is the integrated area of the Lorentzian
peak, and y0 is the offset.

We have analyzed the three higher-energy modes of the
commonly known [14,39] four bulk modes in Bi2X3 (X=Se,
Te) because the lowest-energy E1

g mode was covered by
the strong Rayleigh background due to the enhanced elastic
scattering from the nanoflakes. Figure 2 shows the behav-
ior of the frequency ω0 and linewidth �L of the A1

1g, E2
g ,

and A2
1g modes for Bi2Se3 (left column) and Bi2Te3 (right

column). The frequencies and linewidths show a general
trend of phonon softening and broadening with increasing
temperature by several wave numbers. This phonon behavior
can be described by the model of an anharmonic decay (AD)
assuming a symmetric decay of the optical phonon into two
acoustic phonons [42]. Within this model, the temperature
dependences of the phonon frequency and linewidth are given
by

ωanh(T ) = ω0 − a

e
h̄ω0

2·kBT − 1
, (2)

�anh(T ) = �0 + a

e
h̄ω0

2·kBT − 1
, (3)
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with T as the temperature, ωanh and �anh as the modulated
frequency and linewidth, respectively, and ω0 and �0 as the
bare phonon frequency and linewidth of a particular phonon,
respectively. a contains the transition matrix element and the
two-phonon density of states of the anharmonic decay. Fits of
the data according to the AD model are shown as red lines
in Fig. 2. For Bi2Te3, the anharmonic fits show very good
agreement with the data, especially for the highest-energy
A2

1g mode in Fig. 2(f). This indicates a more bulklike behav-
ior typical for semiconductors and insulators with phonon-
phonon interactions as the dominant scattering mechanism
in the Bi2Te3 sample. Compared to Bi2Te3, the linewidths
for all Raman modes in Bi2Se3 show clear deviations from
the AD model at temperatures below 120 K; see Figs. 2(a),
2(c) and 2(e). The linewidth of the A1

1g mode exhibits only
weak deviations from the AD model, whereas the higher-
energy modes deviate more strongly. For the A2

1g mode, the
deviation in linewidth is mirrored in frequency, illustrated
in Fig. 2(e), as expected by the Kramers-Kronig relation.
In previous temperature dependent Raman investigations on
Bi2Se3 crystals [19,20], no phonon anomalies were observed.
This hints to an origin of these deviations stemming from the
increased electronic surface contributions of the investigated
flakes at lower temperatures. This aspect is supported by the
enhanced electron density near the Fermi edge in Bi2Se3,
shown in Fig. 1(b).

Since the AD model is not sufficient to describe the
low-temperature behavior of phonons, additional scattering
mechanisms need to be taken into consideration. As Bi2Se3 is
nonmagnetic, additional scattering channels could stem from
electron-phonon interactions since the only available states at
these energies and low temperatures must be of an electronic
nature. The coupling of phonons to available electronic sus-
ceptibilities would result in a decay of the phonons by creating
electron-hole pairs [43,44]. The possibility of this interaction
is plausible since our XPS data show a higher electron density
near the Fermi edge for Bi2Se3. The coupling of phonons
to an electric susceptibility χ el(ω) leads to a correction in
the phonon self-energy, which manifests itself in a modified
Raman response. This response Iph(ω) of a phonon coupled
to an electric susceptibility χ el(ω),

χ el(ω) = R(ω) + iρ(ω), (4)

with its real R(ω) and imaginary part ρ(ω), is expressed by
[45,46]

Iph(ω)∝ [g2ρ(ω) + �anh]ωanh{
ω2−ω2

anh

[
1−g2 R(ω)

ωanh

]
︸ ︷︷ ︸

ω2
exp

}2
+ω2

anh [�anh+g2ρ(ω)]2︸ ︷︷ ︸
�2

exp

.

(5)

Here, ωanh and �anh correspond to the frequency and linewidth
expected from the AD model, and g is a coupling constant
determining the coupling strength between the phonon and
the electric susceptibility. Equation (5) describes a Lorentz
profile with a phonon frequency ωanh that is modified by
coupling to the real part R(ω) of the electric susceptibility
and a linewidth �anh modified by coupling to the imaginary
part ρ(ω). As a result, the values for the frequency ωexp and

linewidth �exp extracted from Voigt fits of the phonons differ
from the values expected for an anharmonic decay due to
corrections from the electric susceptibility. We hence interpret
the deviations in linewidth and frequency expected from the
AD model as arising from additional contributions caused
by the decay of phonons coupling to an available electronic
transition. When the electron-phonon coupling g is strong
enough, the extracted phonon linewidths and frequencies are
therefore given as follows:

ωexp =
√

ωanh(T )2 − ωanh(T ) · g2R(ω), (6)

�exp = �anh(T ) + g2ρ(ω). (7)

The deviations from the AD model could be caused by an
interaction of the phonons with an electric susceptibility
with an energy in the meV range. The lack of any electronic
renormalization in Bi2Te3 is thus indicating that there are no
available electronic states in this energy range. This is further
verified by the strongly diminished electronic density near the
Fermi edge in Bi2Te3 compared to Bi2Se3 seen by XPS, as
shown in Fig. 1(b).

Since the A2
1g- and E2

g -symmetry phonons show deviations
from the AD model, it can be argued that both phonons couple
to a close-lying electronic transition. The different energies of
the two phonons lead to different corrections from the real and
imaginary parts of the electric susceptibility according to Eqs.
(6) and (7).

The strong electronic renormalization in Bi2Se3 for the E2
g

mode in linewidth but none in frequency, shown in Fig. 2(c),
leads to the assumption that the E2

g phonon couples to an
electric susceptibility with an energy identical to the E2

g

energy, as visualized in Fig. 3(a). In that way, the E2
g phonon

would get a strong correction from the imaginary part ρ(ω)
since it is located at the maximum, resulting in an increased
linewidth �exp according to Eq. (7). On the other hand, there
would not be any corrections in frequency because at ωph

the real part R(ω) is zero and thus ωexp corresponds to ωanh

according to Eq. (6). The temperature dependence of the E2
g

frequency is then sufficiently well described by the AD model,
as evident in Fig. 2(c). Following this hypothesis, the A2

1g
phonon with an energy of 22 meV would couple to ρ(ω) and a
negative R(ω) of the same electric susceptibility, as illustrated
in Fig. 3(b). This would again result in increased linewidths
and additionally in increased frequencies according to Eqs. (6)
and (7). Our hypothesis agrees well with the observed devia-
tions in frequency and linewidth at lower temperatures for the
A2

1g phonon shown in Fig. 2(e). In this picture, we expect to
observe these effects at lower temperatures where phonons are
frozen out and the scattering mechanism is dominated by the
electron-phonon coupling. This is again in good agreement
with our data, where we observe deviations from the AD
model setting in at temperatures below 120 K. Heid et al.
have calculated the coupling strengths of the Bi2Se3 CSSs
to optical modes as a function of phonon energy [47]. They
show that enhanced coupling occurs to phonons within an
energy range of 17 to 22 meV with a reduced coupling for
modes below 10 meV [47]. Even though Heid et al. state that
the dominant coupling occurs via polar-type optical modes,
significant coupling to Raman-active modes of the electron-
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FIG. 3. (a),(b) The real R(ω) and imaginary ρ(ω) parts of the
electric susceptibility are plotted together with the discrete state of
a phonon modeled by a simple Lorentzian with a phonon frequency
ωph. An overlap of both states is shown for the E 2

g mode in (a) and
the A2

1g mode in (b). (c) Temperature dependence of frequency and
linewidth of the Bi2Se3 A2

1g phonon. Two areas are indicated that
account for different decay mechanisms of the phonon. (d) Schematic
band structure of Bi2Se3 with two possible locations of the Fermi
level in an intrinsic (E i

F) and n-doped (E n
F ) Bi2Se3 nanoflake. The

bulk conduction band (BCB) and bulk valence band (BVB) are
labeled. Red arrows illustrate creations of electron-hole pairs by
a Raman phonon ωph. The gapped Dirac cone is shown when a
magnetic field B �= 0 T is applied.

phonon interaction is still present, as suggested in several
studies [11,48]. Thus, our observations are in good agreement
with the calculated coupling strengths, which support our
findings for only very weak renormalizations in the A1

1g mode
at 9 meV and strong renormalizations in the E2

g (16.7 meV)
and A2

1g (21.9 meV) modes. The preceding analysis leads to
the identification of two temperature regions with different
dominant scattering mechanisms that are shown in Fig. 3(c).
In region I, at higher temperatures, phonon-phonon coupling
dominates the phonon decay by the anharmonic interaction
and additional contributions from electron-phonon coupling
are no longer evident. Therefore, we observe good agreement
with the classic AD model in region I, where the bulk prop-
erties mask all surface-related effects. In region II, electron-
phonon coupling is significant and phonon renormalization
can be observed when the surface contribution is high enough.

So far, we discussed the electron-phonon coupling from an
energetic point of view. The A1

1g phonon with an energy of
around 9 meV should interfere with the electric susceptibility
around 16 meV by coupling to the positive imaginary and
real part. However, we do not observe electronic renormal-
izations for this mode. Hence, an additional aspect has to be
considered that affects the coupling strength g between the
phonons and the electric susceptibility. The eigenvectors of
the phonons show significantly different displacement vectors
for the A1

1g phonon compared to the E2
g and A2

1g phonons.

The atomic displacements for the E2
g and A2

1g modes modulate
the electric susceptibility related to the CSSs in the following
way: For both modes, the partially negatively charged chalco-
gene (Se, Te) atoms terminating each QL vibrate opposite
to the positively charged Bi atoms [18,49], whereas they
vibrate in phase for the A1

1g mode. The electronic polarizabil-
ity is, therefore, affected more strongly by the E2

g and A2
1g

phonons, resulting in a stronger electron-phonon coupling and
enhanced self-energy effects.

In a perfect single-crystalline Bi2Se3 sample the Fermi
level is expected to be located at the Dirac point [7], as
indicated in Fig. 3(d). In this case, intracone electronic tran-
sitions in the upper Dirac cone are available. The electron-
phonon coupling strength increases linearly with the energy
distance from the Dirac point due to the linear increase of
the density of states expected for the 2D Dirac dispersion
[47]. It is also possible that the Fermi level lies closer to
the bulk conduction band due to inherent n doping that is
often reported for naturally grown Bi2Se3 [33] and is also
shown in Fig. 3(d). In that case, transitions of the Dirac
fermions into the bulk conduction band become possible and
add to the intracone contributions. The coupling strength is
expected to be enhanced when additional interband transitions
are available [47], which explains our observed strong phonon
renormalizations. We, therefore, expect the Fermi level in our
Bi2Se3 samples to lie within the bulk gap but closer to the bulk
conduction bands.

The assumption of χ el being related to the CSSs is justified
by two aspects. First, we were able to show the enhanced
surface contributions of our flakes by the detection of IR
modes up to high temperatures. Second, the electric suscep-
tibility in the meV range can be associated with transitions
involving Dirac cone states. Additional insight can be gained
by manipulating the Dirac cone and the associated electric
susceptibility by means of a magnetic field. Since the Dirac
cone determines the low-energy electric susceptibility, its
modification is also indicative of the presence of the CSSs.
The changes in frequency and linewidth of the phonons as a
function of magnetic field for Bi2Se3 and Bi2Te3 are shown in
Figs. 4(a) to 4(f).

In agreement with our temperature dependent study and
XPS results, we observe a magnetic field dependent renor-
malization of phonon energies and linewidths in Bi2Se3, but
not in Bi2Te3. The absence of any phonon renormalization
in Bi2Te3 is again consistent with the reduced electronic
density near the Fermi edge compared to the Bi2Se3 sample.
For Bi2Se3, however, magnetic field dependent self-energy
corrections are observed in frequency and linewidth for the
A2

1g mode at 177 cm−1. At fields above 3 T, we find a
simultaneous hardening and broadening of about 0.6 cm−1

and 1.5 cm−1, respectively. Since it is known that in topo-
logical insulators a gap opening in the Dirac cone occurs in
the presence of a magnetic field [23], our results point to
a change in the electric susceptibility of the Dirac cone by
the magnetic field. The change in the electric susceptibility
would lead to a renormalization in the A2

1g mode in Bi2Se3. A
gap opening would shift and redistribute the electric suscep-
tibility. The hardening and broadening of the A2

1g mode with
increasing field strengths indicate the coupling to an electric

245431-5



SÖREN BUCHENAU et al. PHYSICAL REVIEW B 101, 245431 (2020)

FIG. 4. Magnetic field dependent self-energy effects for Bi2Se3

and Bi2Te3 nanoflakes at 3 K in (X-)scattering geometry and Faraday
configuration. The dependency of the three Raman modes in energy
(left column) and linewidth (right column) with magnetic field is
shown. All y axes are set to intervals of 2.0 cm−1 for easier com-
parability. Bi2Te3 phonons (red curves) show no significant change
in energy and linewidth over the applied magnetic field range. For the
Bi2Se3 phonons (blue curves), clear changes in energy and linewidth
can be observed for magnetic fields above 3 T. The dashed lines
represent guides to the eye.

susceptibility with a lower energy than the phonon according
to Eqs. (6) and (7). The decreasing linewidth of the E2

g
mode, on the other hand, shows a reduced coupling to the
electric susceptibility. We can therefore estimate the energy
of a gap opening in the Dirac cone to be in the range of 16 to
22 meV, which would explain the phonon renormalizations.
This finding is in agreement with results of Gooth et al.
[50], who report a gap opening in the order of tens of meV
by magnetic interactions in TI. According to our model, the
phonons decay by coupling to interband transitions from the
lower gapped Dirac cone to the upper one, as visualized
in Fig. 3(d). The strong phonon self-energy corrections due
to the electron-phonon interactions provide direct evidence

for the changes in the electric susceptibility in the CSSs at
magnetic field strengths above 3 T.

IV. CONCLUSION

In conclusion, we have investigated thin films of drop-
casted Bi2Se3 and Bi2Te3 nanoflakes by means of temperature
and magnetic field dependent Raman spectroscopy. The tem-
perature dependence of the phonon dynamics in our Bi2Te3

sample is readily described by the anharmonic phonon-
phonon interaction, indicating a dominant bulk behavior. For
Bi2Se3, we observe deviations from the AD model, which
can be linked to additional contributions from the electron-
phonon interaction originating from the increased surface
contribution. Our study suggests that the Dirac fermions con-
tribute significantly to the electron-phonon interactions, which
manifest in the strong phonon renormalizations in Bi2Se3 at
temperatures below 120 K. Additional magnetic field depen-
dent Raman spectroscopy reveals strong phonon self-energy
corrections in Bi2Se3, indicating the renormalization of the
phonons by the continuum free carriers and a significant mag-
netoelectric coupling. The self-energy changes in the Bi2Se3

phonons provide direct evidence for the manipulation of the
CSSs by an applied magnetic field, which can be associated
with a gap opening in the Dirac cone.
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