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For degenerately doped three-dimensional topological insulators (3D TIs), the
interaction dynamics between Dirac fermions and collective charge oscillations (plasmons)
are considerably complicated. In particular, the low-energy contribution near band
inversion is largely obscure because of the bulk-surface interaction as well as the two-
dimensional electron gas (2DEG). We have circumvented these issues by performing high-
field terahertz (THz) pump-probe spectroscopy in bulk insulating Bi2Se3 T1 micro-ribbon
array structures. Plasmon blueshift of 11 % was found to occur within 4 ps under 0.433
MV/em THz excitation compared to the near-equilibrium state. Although the
conventional optical pump or engineered micro-ribbon TIs exhibits a similar plasmon
blueshift, our observation is readily explained by the intrinsic plasmon behavior from the
increased electronic temperature (T, = 1,430 K) and reduced chemical potential (u =
16 meV) without considering extrinsic contributions. Our findings may apply to other
classes of Dirac materials to investigate the coupled low-energy interactions with

collective quasiparticles.

When materials with Dirac dispersion are driven out-of-equilibrium, they can host a variety
of nonequilibrium quantum phenomena. In three-dimensional topological insulators (3D TIs),
such dynamics near the band inversion, i.e., Dirac point, is of fundamental interests because
the massless Dirac fermions on the topological surface state (TSS) and the massive bulk
carriers coexist [1-3], in which the light-induced carriers exhibit nontrivial features, different
from conventional band insulators or gapless graphene [4-12]. Indeed, this unique character of
band topology has been predicted to host exotic phenomena, such as quantum-confined two-
dimensional electronic gas (2DEG) [4,5,13], strong electromagnetic field-induced nonlinear

optical responses [11,14], and surface photovoltage [7,8,10]. Furthermore, the TSS Dirac
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fermions can couple to the collective oscillation of carriers, i.e., plasmons. The TI surface
plasmons are of particular interest not only because of the density scaling law of Dirac
quasiparticles [3], but also their resonance tunability, for instance, by quantum interference
[9,15-17], optical [6], and terahertz excitation [11,18]. These phenomena are promising for
novel topological photonics such as ultrafast modulators and metamaterial applications.

However, for TIs with a degenerate Fermi sea above bulk conduction band, the intertwined
bulk-surface interaction is strongly enhanced [3,19,20]. On the other hand, for the bulk-
insulating TIs [21], if the TSS Dirac fermions can be excited exclusively, they absorb the
incident photon energy, leading to the increased electronic temperature (T,) [11,22-25]. The
interaction dynamics with Dirac plasmons are then supposed not to follow a temperature-
independent density scaling law of bulk carriers [26] or bulk photodoping effect [6], but obey
the nonlinear temperature dependence of two-dimensional (2D) Dirac fermions [23,24,27].
Prior studies including the near-equilibrium and nonequilibrium optical spectroscopies
[6,9,11,28], however, were not able to distinguish these characteristics. Clearly, it is the high-
field THz pump-probe spectroscopy that can resolve the Dirac fermion-plasmon interaction
pathways, but such investigations have still been lacking to date.

In this Letter, we present time-resolved investigations of the nonequilibrium Dirac particles
driven by intense THz excitation in bulk insulating BioSes TIs. The Bi2Se; TIs used in this
study were grown using molecular beam epitaxy, and the wafer-scale samples were fabricated
into micro-ribbon arrays by photolithography and reactive ion etching. The samples consist of
Bi2Se; (30 QL) and (Bio.5Ino.5)2Ses (8 QL)/In2Ses(8 QL) buffer layer that have been grown on
a 3” diameter, 500 pm thick Al,O3 (0001) substrate. Initial 3 QL Bi>Ses seed layer was grown
first at 135 °C, followed by the 8 QL In>Ses at 260 °C. It was annealed to 550 °C, which

evaporated out the seed layer. Then, the 8 QL (Bio.sIno.5)2Ses and the active 30 QL Bi>Se; were
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deposited at 245 °C in sequence. After the sample was cooled to room temperature, 50 nm
thick Se capping layer was deposited on top to protect the film against atmospheric aging effect
[29,30]. The estimated Fermi level Er was about 75 meV, according to the Hall measurement
and the Fermi velocity v from previous angle-resolve photoemission spectroscopy
measurements [29,31]. The Fermi level lies deep within the bulk gap (~300 meV), and the
sample is truly bulk-insulating, as depicted in FIG. 1(a) and confirmed by THz conductivity
(See Supplementary S1 [32]). The wafer-scale sample is then cut into small pieces of 10 by 10
mm by a diamond cutter. The Se capping layer was removed by heating the sample to 200 °C
for 10 min for the lithography process. The Bi>Ses layer is patterned using photolithography
and RIE etching. The photoresist was removed by acetone, and the buffer layer was
consequently removed by heating at 200 °C for 10 min. The patterned TI arrays have micro-
ribbon widths Ly = 4,8,20 pm, and period 2L, as depicted in FIG. 1(b). Micrometer-sized
periodicity of the ribbon array provides the momentum required to excite the plasmon
resonance in the terahertz range [6,9,11,28].

For the THz pump-probe spectroscopy, 800-nm, 35-fs pulses were delivered from a 1 kHz
regenerative amplifier (Coherent® Astrella Amplifier, see Supplementary S2 for the
measurement system details [32]). The high-field THz pump with peak field amplitude
0.433 MV/cm and center frequency 0.64 THz was obtained by a tilted-pulse-front phase-
matching method in a lithium niobate (LiNbO3) crystal [33,34]. The peak field amplitude was
measured by the electro-optic sampling [35] (See Supplementary S2 [32]). The THz pump is
focused on the TI sample with a full-width half-maximum of 1 mm. The TI micro-ribbon arrays
are excited by this intense THz pump, as depicted in FIG. 1(b). After a finite pump-probe delay
At, the pump-induced change A(1 — £(v)) was measured by a weak THz probe pulse. The
THz pump polarization is parallel to the TI micro-ribbon to excite the Dirac fermions,
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simultaneously minimizing the direct plasmon excitation [28]. The THz probe is generated and
detected via optical rectification through a zinc telluride (ZnTe) crystal [36]. The THz probe is
polarized perpendicular to the TI micro-ribbon arrays to measure the plasmon response [28].
We also performed the optical pump (1.55 eV) and THz probe spectroscopy on the same sample
to compare the THz pump excitation. All spectroscopic measurements were conducted at a
liquid nitrogen temperature of 78 K.

Figure 1(c) presents the near-equilibrium extinction ratio E(v) = 1 — |E(v)|? spectra of the
TI micro-ribbon arrays without pump excitation. The spectra exhibit dressed plasmon
responses arising from Fano-type interference of plasmon-phonon interaction, superimposed
by a bare plasmon response without plasmon-phonon interaction [9,28,37]. The plasmon

resonance frequency vy, shifts upward with the decreasing micro-ribbon array period 2L,.

The lowest energy optical phonon (E;,, mode) shows a center frequency ~ 2 THz. The solid
lines in FIG. 1(c) are least-square fits using the plasmon-phonon interaction model suggested
by Giannini et al. [37] (See Supplementary S3 for the detailed fitting analysis [32,38-40]). The
dashed lines in FIG. 1(c) are the dressed plasmon (orange) by plasmon-phonon interaction and
bare plasmon (blue) responses, respectively. The Fano-type interference of plasmon-phonon
interaction shows nontrivial changes in the interaction coefficients with the different bare
plasmon frequencies.

Figure 2(a) shows the THz pump-induced A(1 — £(v)) spectra measured at Az of 3.0 and
3.6 ps (See Supplementary S4 for the raw THz time-trace [32]). We choose this delay to avoid
the coherent artifacts occurring near zero-time delay as well as to observe the thermalized state
[41,42]. The peak and dip structure near 2 THz in the real and imaginary A(1 — £(v)) show
asymmetric line-shape, which intuitively originate from the Fano-type asymmetric oscillator,
not from a symmetric Lorentzian oscillator [43]. Compared to the near-equilibrium state, the
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differential A(1 — £(v)) exhibits Avp /vy of 11 % on average. The dotted blue and orange
lines show the bare plasmon response before and after the THz pump excitation. The intense
THz radiation leads to a substantial increase of T,, which is similarly observed in graphene
[23-25] as well as TI[11,22]. The corresponding change of chemical potential u(T,) is plotted
in FIG. 2(b). Then, we obtain vp(k,T,) as a function of k for different T,, where k is the
Dirac plasmon wavevector (See Supplementary S5 for the detailed calculation [27,32,44]).
Figure 2(c) displays vy, (k,Te) when T, is 78 K (solid red line) and 1,430 K (solid black line),
on top of which the experimentally determined vy, shift is shown (filled circles). We see that
vpi(k, Te = 1,430 K) follows a nonlinear dependence of k, and vy shifts to the higher
frequency with increasing Tp.

We note that the THz-field-induced hot Dirac fermions are not the only way of turning vp.
Figure 3(a) shows the E difference between the samples with varying the width of micro-
ribbon arrays without pump excitation. In this near-equilibrium regime, vy, blueshift can be
understood by the plasmon excitations of oscillating Dirac fermions, as revealed in prior studies
[45-47]. Other similar experiments have further revealed that the electric [48], magnetic [46,49],
and thermodynamic interaction [23] play key roles in controlling vp,. Although engineering
the width of TI micron-ribbon arrays shows interesting topological nature of plasmon
scatterings, i.e., small contributions of edge effects [9] or Landau damping [9,28], which are
typically occurred in conventional metal [50,51] or graphene [27,52,53], such results are all
within the framework of interacting cold Dirac fermions. The others are experiments performed
in a nonequilibrium regime, where femtosecond high-energy pulses are injected across the
inverted gap [18,23,24,54]. Figure 3(b) shows A(1 — £(v)) spectra in the THz range, pumped

by a 1.55-¢V, 50-fs optical pulse. Despite similar vp; blueshifts and spectral features are

6/21



observed, the physical origin is distinct from either near-equilibrium or THz-pump cases, where
the photo-induced bulk carriers experience multipath dynamics with the underlying 2DEG or
the coupling to o phonon [6,9].

The observations above preclude several extrinsic contributions other than the contribution
of single-particle hot Dirac fermions to the vy, blueshift in our THz pump-probe experiment.
First, because the bulk energy gap (about 200 meV) is sufficiently larger than the THz photon
energy (about 4 meV) and the Fermi level (about 75 meV), the bulk-surface interaction is
fundamentally prohibited. Second, there is no interband contribution within the TSS Dirac cone.
This is because the THz pump has photon energy much smaller than Eg so that the interband
transitions are not allowed and Pauli-forbidden. Third, 2DEG contributions are unlikely to
occur because the surface Fermi level is far below the conduction band such that the surface
accumulated 2DEG should be absent [29,55]. Indeed, we find there is no experimental evidence
of bulk photodoping effects in our THz pump-probe experiment (See Supplementary S6 [32]).

The effect of T, enhancement can be further analyzed by examining T.-dependent u(T,)
of 2D Dirac fermions. When the THz pump is 0.433 MV/cm, we estimate T, of 1,430 K.
Because of the linear energy dependence of TSS density of states, u(7T,) decreases with
increasing T, to satisfy the charge conservation. Numerical simulation of FIG. 2(b) indeed
shows that u(T,) decreases to 16 meV at 1,430 K from 75 meV at 78 K. As a result, in the
high-temperature limit T, > Tg, where Tg is the TSS Fermi temperature, the thermal
population of Dirac fermions dominates the plasmon response, similar to the undoped 2D Dirac
carriers in graphene. We estimate Tg of 870 K from Tg = Ep/kp where kg is the
Boltzmann constant. Under finite doping, Das Sarma et al. [27] demonstrated that the Dirac
plasmon resonance in the high-temperature and long-wavelength limit, i.e., kvg < v, where

v 1s photon energy, is expressed as,
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vy o JkBTe (1+ T—é) (1)

128(In2)3T¢
from which the vy, blueshift is expected with increasing T,. The expectation is consistent
with our explanation that the experimental vy, shift shown in FIG. 2(c) can be understood
solely by the increased T,. In this high-temperature limit, the plasmon behavior is qualitatively
different from the low-temperature behavior dominated by the doped carriers [27]. When T,
is smaller than Tg, u(T.) decreases, resulting in vp; redshift [27]. This scenario in the low-

temperature limit obeys the following Sommerfeld expansion,

2 TZ
Vpl X \/EF (1 _?T_FZ ) (2)

We note that such vy redshift can be observed for T, up to a temperature near T, as

recently reported by Di Pietro ef al. [11] In fact, the above two regimes, i.e., whether T,
dependence of vy, is redshifted or blueshifted, have been applied for graphene systems to
understand the unusual T, dependence of the Drude weight [23,24,54,56,57]. Because the
light-induced hot Dirac fermions can change Avp polarity in both directions, our
experimental results of vy, (k,Te) dynamics and other reported studies [6,11,23,24,54] are
fully consistent, whether T, is above or below the Ty boundary.

The above discussion is limited to the THz-induced TSS and Dirac plasmons. To complete
the story, we compare the results to the optically-excited THz dynamics. In FIGs. 4(a) and (b),
we see that the THz-pumped signals exhibit much slower rising transients compared to the
optically-pumped case. The time-dependent v, shifts were obtained by fitted curves shown
in FIGs. 4(c) and (d), which show good agreements with experimental A(1 — £(v)). We
attribute the rising dynamics of the THz pump-induced v, shift to the increased T, as

discussed above. If the pump photon energy is well below the lowest optical phonon energy
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(i.e., a phonon of fyn, =2 THz), the absorbed THz photon energy is dissipated into the
electrons across the 2D Dirac cone, before being dissipated into other degrees of freedoms, e.g.,
lattice [58-61] or defect [60]. In a similar condition on graphene, the low-energy pump-induced
dynamics exhibit longer relaxation in the 25 and 300 ps range [59]. The THz pump-induced
vp1 shift in FIG. 4(c) indeed similarly slows down the relaxation time, compared to the optical
pump-induced vy, shift in FIG. 4(b). The electron heat capacity €}, becomes proportional to
T, [11,62] as
Cp = YT, 3)

where y is the Sommerfeld coefficient. Then the electron temperature follows a simple

21
To) = (22412, )

where I(t) is the absorbed THz pump power at T, = 78 K. Taking into account the THz

equation [11,62]

pulse widths of 1-2 ps (See Supplementary S2 and S5 [32]), we see the estimated v, shifts in

FIG. 4(a) show a good agreement with the experimental observations. For the optical pump
and THz probe case, on the other hand, the origin of vy shift is primarily due to the
photodoping effect. The rising dynamics of the optical pump-induced THz changes shown in
FIG. 4(b) are similar to the previous reports from Sim ef al. [6] and In et al. [9] The decaying
transients are rather faster than these prior reports. We did not observe the long-lived surface
photovoltage [7,8,10,55] in our samples. As suggested by Brahlek et al. [55], the solution of a
steady-state Poisson equation shows that the length scale of the band bending is comparable to
or greater than our sample thickness. Because no long relaxation dynamics [7,8,10] are
observed in our optically pumped THz transients, it corroborates that the spatial separation of

the photoexcited electron-hole pair, i.e., the origin of surface photovoltage effect, is negligible.
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In conclusion, we have performed the time-resolved studies of nonequilibrium TI Dirac
fermion-plasmon interaction by employing intense THz-pump excitation. We observed the
transient blueshift of Dirac plasmons, reaching 11 % changes after the THz pump. The Dirac
plasmon blueshift can be understood as a direct consequence of the hot Dirac fermions when
T, is well above the Tr bound. The high T, from the intense THz pump correspondingly
accompanies the transient reduction of u, analogous to the undoped graphene [27], whereby
the Dirac plasmon blueshift follows the induced thermal population. The THz-pump results
further distinguish from the optical pump-induced ones, in which the former can be explained
without considering the complicated extrinsic effects, such as bulk-surface interaction or 2DEG.
Our work provides a crossover toward a unique platform, intrinsic Dirac plasmon, in studying

fundamental photoinduced phenomena and timescales on the Dirac plasmon of TIs.
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Figure 1 (a) A schematic band diagram of the bulk-insulating TIs (See Supplementary S1
[32]). The topological surface state (TSS, solid orange lines), bulk conduction band (BCB),
and bulk valence band (BVB) are shown. The Fermi energy (gray dotted line) of our sample is
located at Er = 75 meV above the Dirac point. The Fermi level of our sample lies deep within
the bulk gap (200 meV). (b) A schematic of the THz pump-probe spectroscopy (See
Supplementary S2 [32]) on patterned TI micro-ribbon arrays with widths Ly, = 4,8,20 pm,
and periods 2L,. The inset shows an optical microscopy image of our sample. The THz pump
(probe) is polarized parallel (perpendicular) to the micro-ribbon array. (¢) Near-equilibrium
extinction coefficient (E(v) = 1 — |E(v)|?, empty circles) of the TI micro-ribbon arrays and
fitted curves (solid red lines, see Supplementary S3 [32]). The samples with Ly, = 20,8,4 pm
have plasmon resonance frequencies vy = 0.98,1.56,2.20 THz from the calculation (See
Supplementary S5 [32]). The bare plasmon and phonon-dressed plasmon from plasmon-phonon
interaction are superimposed, where the Fano-type interaction creates an asymmetric oscillator

near the IR-active o phonon (center frequency f,,, of ~ 2 THz, Eq,). The phonon-dressed

plasmon responses (dotted blue lines) and the bare plasmon responses (dotted orange lines) are
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displayed with offsets of 0.2 and 0.1, respectively.
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Figure 2 The THz pump-induced A(1 — £(v)) spectra and the corresponding numerical
results. (a) The real and imaginary parts of A(1 — £(v)) spectra (empty circles) induced by
the THz pump are shown together with the fitted curves (solid red line, see Supplementary S3
for fitting details and Supplementary S4 for the raw THz time-traces [32]). The plasmon
resonance frequencies vy show blueshifts of 11 % on average under THz pump excitation.
The bare plasmon responses in near-equilibrium (dotted blue) and after THz pump-excitation
(dotted orange) are overlapped. The dotted blue lines are displayed with normalization to have
the amplitude of 10 % and offset -10 %. The dotted orange lines are scaled by the same ratio
as blue dotted lines. (b) Calculated chemical potential u(T,) with increasing T,. u(Te)
decreases to 16 meV at 1,430 K, from 75 meV at 78 K. (¢) The numerically calculated vy,
with T, of 78 K (solid black line) and 1,430 K (solid red line) are displayed. The experimental
results from the near-equilibrium state (filled black circles) and excited state (filled red circles)

are overlapped. (See Supplementary S5 for calculation details [32])
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Figure 3 The experimental AE(v) and A(1 — £(v)) spectra by the structural engineering
and the optical pump. (a) Differential near-equilibrium AE(v) spectra obtained by THz time-
domain spectroscopy (empty circles). Each AE is obtained by subtracting E for L, =

20 ym from E for L, = 8 pum (upper panel), and E for L, = 8 um from E
for Ly = 4 um (lower panel). The evaluated spectra correspond to vy, blueshift of 50 %
on average. The spectra are well explained by the differences (solid red lines) of the fitted
curves shown in FIG. 1(¢c). (b) The optical pump-induced A(1 — £(v)) spectra (empty circles)
with the fitted curves (solid red lines). vy, shows blueshifts of 8 % on average under 1.55-¢V,

50-fs optical pump excitation (See Supplementary S3 [32]).
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Figure 4 Time-resolved dynamics of v, and A(1 —£(v)) spectra are compared for the
THz- and optical-pump excitation. (a) The experimental measurements (filled black circles)
and the model simulations (solid gray lines) of THz pump-induced vy, shifts. vy shifts
exhibit a slow rising behavior that appears up to ~ 4 ps. We simulate the rising time of vy,
with pure T, enhancement from THz pump absorption without relaxation (See Eq. 4 and
Supplementary S5 [32]). (b) The experimental measurements of optical pump-induced vy,
shifts (filled black circles). The optical pump-induced THz peak transmission changes (empty
red circles) show an exponential decay (solid red line) with a time constant of 3.2 ps. (c¢)
Temporal evolution of the THz pump-induced A(1 — £(v)) spectra (empty circles) obtained
for a sample of Ly = 8 um with fitted curves (solid red lines, see Supplementary S3 [32]). (d)
Temporal evolution of optical (1.55 €V) pump-induced A(1 — £(v)) spectra (empty circles)
measured at the same sample as (c) with fitted curves (solid red lines, see Supplementary S3
[32]). As a result of the slow rising and relaxation of THz pump-induced dynamics compared
to the optical pump, the optical pump-induced change at At = 7.7 ps is comparable to the

both THz pump-induced changes at At = 3.6,6.3 ps
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