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ABSTRACT: Understanding the mutual interaction between
electronic excitations and lattice vibrations is key for
understanding electronic transport and optoelectronic phenomena. Dynamic manipulation of such interaction is elusive
because it requires varying the material composition on the
atomic level. In turn, recent studies on topological insulators
(TIs) have revealed the coexistence of a strong phonon
resonance and topologically protected Dirac plasmon, both in
the terahertz (THz) frequency range. Here, using these
intrinsic characteristics of TIs, we demonstrate a new
methodology for controlling electron−phonon interaction by lithographically engineered Dirac surface plasmons in the Bi2Se3
TI. Through a series of time-domain and time-resolved ultrafast THz measurements, we show that, when the Dirac plasmon
energy is less than the TI phonon energy, the electron−phonon coupling is trivial, exhibiting phonon broadening associated with
Landau damping. In contrast, when the Dirac plasmon energy exceeds that of the phonon resonance, we observe suppressed
electron−phonon interaction leading to unexpected phonon stiﬀening. Time-dependent analysis of the Dirac plasmon behavior,
phonon broadening, and phonon stiﬀening reveals a transition between the distinct dynamics corresponding to the two regimes
as the Dirac plasmon resonance moves across the TI phonon resonance, which demonstrates the capability of Dirac plasmon
control. Our results suggest that the engineering of Dirac plasmons provides a new alternative for controlling the dynamic
interaction between Dirac carriers and phonons.
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dispersion resembles the surface states of TIs, theories have
shown that it is indeed possible to exploit electric or optical
means to control the coupling between Dirac Fermions and
phonons.14 For experimental demonstration, the interaction
between the continuum-like Dirac Fermions and the discrete

opological insulators (TIs) are intriguing quantum
materials exhibiting topologically protected surface Dirac
states with suppressed elastic backscattering at an angle of π.1−4
At elevated temperature, the electrical transport other than the
scattering at an angle of π results in a ﬁnite conductivity
primarily limited by the scattering of Dirac carriers with
phonons.5−7 Therefore, it is of fundamental importance to
investigate such interactions for determining the fundamental
operation limits of TI-based devices.8−13 For materials with
Dirac carrier transport such as graphene, whose linear
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high-energy optical phonons (∼200 meV) was manipulated by
switching the Landau damping kinetics of the G phonon using
either electrostatic gating15 or nonequilibrium optical excitation.16 Although this approach is promising, the control of
phonon decay into particle−hole pairs via Landau damping is a
daunting task in TIs because even the strongest longwavelength optical phonon (the α mode at ∼1.9 THz) is
well-within the energy range of several meV,4,17−19 such that
the control (ﬁeld-eﬀect-based or optical) of the electron−
phonon interaction is easily screened by continuum-like THz
Drude responses, especially at elevated temperatures due to the
thermal excitation of free carriers.
In this Letter, we report on an alternative approach for
manipulating the pathways of the interaction between Dirac
carriers and phonons. Inspired by recent theoretical predictions20−25 and experimental demonstrations9,26−32 of twodimensional (2D) Dirac plasmons in TIs, we show that the
damping and resonance energy of phonons can be controlled
by tuning the 2D Dirac plasmon resonance. We ﬁnd that, when
the energy of the quasi-resonant 2D Dirac plasmon is below
that of the α mode 1.9 THz phonon, the phonon experiences
Landau damping, resulting in trivial broadening of the phonon
resonance without noticeable energy shifts. When the energy of
the Dirac plasmon resonance is increased to exceed the α mode
phonon energy, we observe a surprising phenomenon, namely
phonon stiﬀening accompanied by a reduction in the phonon
broadening. Our ultrafast THz study reveals that the two
intriguing features are complementary, further conﬁrming that
the electron−phonon interaction can be eﬀectively controlled
by the 2D Dirac plasmon engineering.
Samples of TI Bi2Se3 thin ﬁlms with 25 quintuple layers
(QLs) and 15 QLs were synthesized on 0.5 mm thick sapphire
(Al2O3) substrates by molecular beam epitaxy.33 Dirac
plasmons were achieved by fabricating arrays of slits or rods
using standard photolithography (Supporting Information
section A). Figure 1a displays the periodically arranged slits
with 25 QL Bi2Se3 and rods with 15 QL Bi2Se3 fabricated by
UV lithography and reactive ion etching.9,27 The length L of
slits or rods was varied from 14 to 5 μm to create an additional
momentum of k ≈ π/L required for plasmon excitation.9 The
spacing W was ﬁxed at 4 μm, and the side of the corresponding
unit cell was deﬁned as L + W. For ultrafast THz
measurements, we used a 250 kHz Ti/sapphire regenerative
ampliﬁer (Coherent RegA 9050) to generate 50 fs ultrashort
pulses with a photon energy of 1.55 eV. Picosecond (ps) THz
pulses were generated by optical rectiﬁcation in a < 110>oriented ZnTe single crystal, and the THz pulses transmitted
through the sample were detected by electro-optic sampling in
an additional pair of <110>-oriented ZnTe. A part of the 1.55
eV laser output was used for optical excitation.27
We ﬁrst measure the Fourier-transformed transmittance T(ν)
of the patterned TI structures using THz time-domain
spectroscopy at a temperature of 78 K. The corresponding
THz extinction spectra E(ν)=1 − T(ν) are shown in Figure 1b,
where the polarization of the THz electric ﬁeld is perpendicular
(parallel) to the length of the slit (rod) to match the direction
of the reciprocal lattice vectors of the plasmon excitation.
According to the Babinet’s principle, a slit supports an “antidipole” resonance for perpendicularly polarized light, given that
the corresponding rod is resonant along the dipole direction.30
Indeed, the E(ν) spectra of slits and rods are quite similar for
the same length L. The E(ν) spectra are composed of a nearly
discrete resonance of the α mode phonon and a broad quasi-

Figure 1. (a) Optical microscope images of the fabricated TI
plasmonic structures with arrays of slits or rods with a length of L. (b)
THz extinction spectra E(ν) for diﬀerent L measured at T = 78 K. The
polarization of the incident THz electric ﬁeld is perpendicular
(parallel) to the direction of the slit (rod). Gray solid lines are
experimentally measured values, and red and blue lines are ﬁts
obtained from the Fano model. Gray dashed lines are the spectra of
the bare plasmon without the Fano interference. (c) Schematic
illustration of the energy diagram representing the Fano interference
with parameters v, w, and g. A discrete energy level of the optical
phonon ℏωph and quasi-resonant plasmon ℏωpl are shown. (d)
Plasmon frequency νpl of the TI slits as a function of wavevector k (red
solid dots), together with a ﬁt to the data (gray dashed line). The inset
shows the νpl for the TI rods (blue solid dots) together with the ﬁt
corresponding to the TI slits (gray dashed line).

resonant plasmon peak, which gradually shifts toward higher
frequencies with decreasing L. In the patterned TI plasmonic
structures, these two diﬀerent resonances lead to Fano-like
quantum interference.9,27 To obtain the phonon (νph) and bare
plasmon (νpl) frequencies, we ﬁt the data in Figure 1b using a
Fano model derived from the energy diagram in Figure 1c
(Supporting Information section B). Here, the parameter w (g)
is the factor describing a coupling between incident photons
and the phonon (plasmon), which gives rise to typical Lorentz
extinction spectra, while v determines the Fano interference
between the plasmon and phonon.34,35
In Figure 1b, we also show in the same plot the bare plasmon
spectrum with a gray dashed line (Supporting Information
section C). As demonstrated by Stauber et al.,20−22 the
relationship between νpl and k is important for understanding
the properties of the 2D Dirac plasmon; theoretical and
experimental investigations9 show that νpl is proportional to the
square root of k. The plasmon dispersion in Figure 1d conﬁrms
that plasmons in TI slits and rods indeed originate from a 2D
Dirac electronic system. Unlike the case of graphene, both
massless Dirac Fermions and massive particles in the 2D
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positive for all samples, which is associated with the pumpinduced photocarrier generation.27 After ﬁtting the spectra
ΔE(ν) in Figure 2b with the Fano model described in
Supporting Information section E, we plot in Figure 2c the
transient plasmon dispersion after optical excitation. As
discussed in previous studies,22,27 optical excitation of trivial
bulk states is responsible for the blue-shift of νpl. The plasmon
dispersion after optical excitation yields the increased 2DEG
densities Δn2DEG ≈ 7.3 × 1012 cm−2 at Δt of 6 ps (Supporting
Information section F). We note that, in Figures 2b,c, the
ΔE(ν) spectra are symmetric (asymmetric) for the values of L
from 14 to 9 μm (from 8 to 5 μm) near the α mode 1.9 THz
phonon resonance. Here, the transient values of νpl for L from
14 to 9 μm are below 2.0 THz, while those for L from 8 to 5
μm are above 2.1 THz. Given that the α mode phonon is at
∼1.9 THz, it is intriguing that the transient phonon dynamics
are strongly correlated with the frequency νpl of the 2D Dirac
plasmon resonance.
The diﬀerent ΔE(ν) spectra can be explained schematically
by displaying the plasmon and phonon dispersion curves as
shown in Figure 2d for νpl < νph and in Figure 2e for νpl > νph.
The corresponding bare phonon extinction spectra Eph(ν) and
their variations ΔEph(ν) are also shown. Here, the branch of the
α mode optical phonon is indicated by a horizontal line because
its dispersion in the THz range is almost k-independent
compared to that of the 2D Dirac plasmon.39,40 Figure 2d
illustrates that the increased phonon line width Γph results in a
symmetric shape of ΔEph(ν); thus, “phonon broadening”
accounts for the dynamic states of the phonon when νpl <
νph. However, the increased νph in Figure 2e is expected to
result in an asymmetric shape of ΔEph(ν); therefore, the
phonon dynamics for νpl>νph can be explained by “phonon
stiﬀening”. Here, we emphasize that the asymmetric shape of
ΔEph(ν) in Figure 2b is not the result of Fano-like interference.
We note that, even when we change the Fano coupling
parameter v, the asymmetric ΔEph(ν) spectra cannot be
reproduced (Supporting Information section E). Figure 2f
summarizes these dynamics in our TI plasmonic structures, in
which the changes in phonon frequency Δνph and line width
ΔΓph are displayed. When νpl < νph, a signiﬁcant ΔΓph is clearly
observed with negligible Δνph. However, when νpl exceeds νph,
we see a rapid drop of ΔΓph and increased Δνph above 0.02
THz. The hyperbolic phonon polaritons located at 1.9 THz and
4.1 THz could possibly contribute to the dynamic interaction
between the Dirac plasmon and the phonon.23,24 However, our
electromagnetic simulations for variable density and temperature show that such contribution is marginal due to the
signiﬁcantly increased optical loss near 1.9 THz (Supporting
Information section G). To distinguish the contribution of the
hyperbolic phonon polaritons, a more-direct experimental
method such as a scattering-type near-ﬁeld scanning optical
microscopy is required.41−44
The sharp transformation across the α mode 1.9 THz
phonon might be reminiscent of the Landau damping of optical
phonons via the electron−hole pair excitation in graphene.14−16
In this case, the coupling of the phonon and Dirac Fermions
shows increased damping of the phonon and renormalization of
the phonon energy. The shadowed region in Figure 2f indicates
the Landau damping regime for the α-mode phonon. In
contrast to the case of graphene, in which the Landau damping
of the high-energy G phonon explicitly contributes to the
electron−hole pair excitation,15 there is no such contribution
associated with the TI α-mode phonon. This is because the

electron gas (2DEG) constitute plasmons in TI. The densities
of massless Dirac carriers nDirac ≈ 1.1 × 1013 cm−2 and massive
2DEG particles n2DEG = 2.2 × 1012 cm−2 extracted from the
plasmon dispersion (Supporting Information section D) are
consistent with the results of previous angle-resolved photoemission measurements.36 We note that the line width of the
plasmon resonance does not show a strong dependence on νpl
(Supporting Information section C), indicating that, unlike in
the case of graphene plasmons37 or metal nanoparticles,38 the
damping of the TI plasmon due to edge scattering is negligible
in our TI plasmonic structures.
With the conﬁrmed excitation of 2D Dirac plasmons in our
patterned TI structures, we now investigate the dynamic
interaction between the plasmon and phonon resonances
through measuring the pump-induced changes of extinction
spectra ΔE(ν). As seen in Figure 2a, the transient THz
dynamics, ETHz/E0, exhibits a relaxation time of a few ps after
pump excitation with a ﬂuence of F = 35 μJ/cm2. Positive
values of ETHz/E0 lead to positive changes ΔE(ν) and, thereby,
a transient increase in nDirac and n2DEG (Figure 2b). The broad
ΔE(ν) spectrum away from the α mode 1.9 THz phonon is

Figure 2. (a) Pump-induced change in the transmitted THz electric
ﬁeld, ΔETHz/E0, as a function of Δt. (b) Changes in THz extinction
spectra ΔE(ν) are measured in TI slits with diﬀerent L. Blue and red
solid lines are ﬁts obtained from the Fano model. Gray dashed lines
indicate ΔE(ν) = 0. The experimental data were obtained at a
temperature of T = 78 K and pump−probe delay of Δt = 6 ps. (c) νpl
as a function of k at Δt = 6 ps (black dots) together with a ﬁt (red
dashed). A solid gray line is a ﬁt from Figure 1d. (d,e) Left: the
frequency dispersion of the plasmon and optical phonon as functions
of k. Right: schematic illustration of phonon broadening (blue lines)
and phonon stiﬀening (red lines). Gray lines in Eph(ν) indicate the
phonon resonance at equilibrium, and the colored lines in Eph(ν)
indicate the phonon resonance after optical excitation. The
corresponding changes in the phonon resonance Eph(ν) are shown
in the plots below. (f) Transient phonon frequency Δνph and phonon
line width ΔΓph as functions of νpl at Δt = 6 ps.
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Fermi level of our TI is hundreds of times higher than the αmode phonon energy, such that the eﬀect of the increased
phase space for the Dirac plasmons to be scattered due to the
optical illumination is negligible. We have shown theoretically
that the renormalized phonon self-energy based on a graphene
theory is indeed not applicable to the decay dynamics of the TI
α-mode phonon. Instead, as shown by our numerical
simulations based on a plasma theory (see more details in
Supporting Information section H), the time-dependent
changes of Δνph and ΔΓph originate from the screening eﬀect
of an incoherent electron plasma and thereby are strongly
aﬀected by the Dirac plasmon momentum k and the
corresponding resonance energy.
The two diﬀerent regimes are illustrated schematically in
Figure 3a, where the left panel represents the case of the

relaxes within several picoseconds as the optically excited
electrons are recombined. Employing the Fano model used
earlier, we extract the plasmon frequencies νpl of the two
samples as functions of Δt (Supporting Information section E),
and the results are shown in Figure 3c. There, we see that νpl in
S12 (S6) is lower (higher) than νph for all Δt. Given that νph is at
∼1.9 THz, νpl for S12 is always lower than νph, even for early Δt.
The relaxation dynamics of νpl is quite similar for S12 and S6,
which suggests that the change in νpl after optical excitation can
be attributed to the intrinsic nonequilibrium Dirac Fermion
relaxation of TIs.45 Indeed, the time-dependent Δn2DEG in the
inset of Figure 3c, obtained from the 2D Dirac plasmon
dispersion, closely follows the relaxation dynamics of −ETHz/E0
presented in Figure 2a.
We now discuss the time-dependent dynamics of Δνph and
ΔΓph for S12 and S6. Figure 3d shows the dynamics of the
phonon damping for S12 and S6. The phonon line width for S12
is always larger than that for S6 at all Δt (in Supporting
Information section H, we present the detailed theoretical
investigation of the phonon Landau damping due to the
increase in the 2DEG density n2DEG and the increased electron
temperature Te). As predicted theoretically,20−22 the bandbending-induced 2D electron is the main contributor. This is
also supported by the fact that the relaxation time of ΔΓph for
S12 is ∼4 ps, very similar to the time constant of optically
excited 2DEG (see the inset of Figure 3c). For S6, because the
Landau damping is less eﬀective than for S12, both ΔΓph and
Δνph should diﬀer from the corresponding values for S12. In
fact, the transient ΔΓph for S6 exhibits a much-longer relaxation
time (∼21 ps) than for S12 and reaches only ∼0.06 THz at its
maximum. This small but ﬁnite ΔΓph in S6 can be understood
as the increased lattice temperature T L after optical
excitation.17,46 According to a simple two-temperature model
(Supporting Information section I), optical excitation leads to a
rapid increase of Te reaching above 1,100 K at F = 35 μJ/cm2,
and the subsequent cooling and decrease of Te result in the
increased TL. Consequently, the cooling dynamics of the hot
phonon may dominate the slow ΔΓph transients. This scenario
is also supported by the Δνph dynamics, as shown in the inset of
Figure 3d. A clear signature of phonon stiﬀening is visible only
for S6. Switching oﬀ the Landau damping renders S6 a lesscoupled system in terms of the electron−phonon interaction.
The similar long relaxation time of ∼21 ps for Δνph and ΔΓph
in S6 indicates that its temporal dynamics is diﬀerent from the
case of S12.
In conclusion, we demonstrate that the interaction between
Dirac carriers and phonons can be controlled by engineering
the 2D Dirac plasmon resonance νpl. When νpl is lower than
νph, the phonon broadening is dominant in the observed
transient ΔE(ν) spectra. The increase in Γph implies Landau
damping of the phonon through the electron−phonon
coupling. In contrast, when νpl is higher than νph, suppressed
electron−phonon coupling is observed, resulting in the phonon
stiﬀening. Our observations indicate that the coupling of
electrons and phonons can be signiﬁcantly diﬀerent depending
on the properties of the 2D Dirac plasmons, which is
potentially beneﬁcial for TI-based electronics and TI plasmonic
applications.

Figure 3. (a) Schematics of the plasmon and phonon spectra E(ν) for
νpl < νph (left) and νpl > νph (right). (b) Time-resolved ΔE(ν)
dynamics for Δt from 3 to 8 ps for TI slits with L = 12 μm (S12, left)
and L = 6 μm (S6, right). Gray solid lines are experimentally measured
values, while blue and red lines are ﬁts to the data. Vertical dashed
lines indicate the phonon resonances after optical excitation. (c)
Dynamics of νpl for S12 (orange dots) and S6 (gray dots). The inset
shows the changes in the 2DEG density Δn2DEG. (d) Transient
phonon line width ΔΓph for S12 (orange dots) and S6 (gray dots).
Inset: transient phonon frequency Δνph for S12 (blue dots) and S6 (red
dots).

engineered 2D Dirac plasmon with νpl < νph, and the right panel
corresponds to νpl > νph. To further investigate the dynamic
interaction between the 2D Dirac plasmon and phonon at
diﬀerent Δt, we perform time-resolved THz spectroscopy with
two preferentially selected TI slits with L = 12 μm (S12) and L
= 6 μm (S6), with the results shown in Figure 3b. The timeresolved ΔE(ν) spectra in Figure 3b are also composed of
broad extinction peaks of the 2D Dirac plasmon and sharp
phonon extinction features, similar to the ΔE(ν) spectra in
Figure 2b. The rising shape of ΔE(ν) with increasing frequency
implies a blue-shift of νpl; the corresponding plasmon excitation
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