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ABSTRACT: The recent focus on topological insulators is
due to the scientific interest in the new state of quantum
matter as well as the technology potential for a new generation
of THz optoelectronics, spintronics and quantum computa-
tions. It is important to elucidate the dynamics of the Dirac
fermions in the topologically protected surface state. Hence we
utilized a novel ultrafast optical pump mid-infrared probe to
explore the dynamics of Dirac fermions near the Dirac point.
The femtosecond snapshots of the relaxation process were
revealed by the ultrafast optics. Specifically, the Dirac fermion-
phonon coupling strength in the Dirac cone was found to
increase from 0.08 to 0.19 while Dirac fermions were away
from the Dirac point into higher energy states. Further, the
energy-resolved transient reflectivity spectra disclosed the energy loss rate of Dirac fermions at room temperature was about 1
meV/ps. These results are crucial to the design of Dirac fermion devices.

KEYWORDS: Topological insulator, ultrafast optical pump mid-infrared probe spectroscopy, Dirac fermion dynamics,
Dirac fermion-phonon coupling

The discovery of 3D topological insulators (TIs)1 initiated a
new era of condensed matter physics.2,3 As Dirac fermions

plays a crucial role in determining the performances of any real
TI devices, a better understanding of the bulk state and the
surface state,4−14 and the coupling mechanisms between them,
is imperative. From a practical point of view, contact-free
optical techniques, such as second harmonic generation,11

terahertz time-domain spectroscopy,15 UV−visible−IR reflec-
tance and transmission spectroscopy,16 and optical pump−

probe spectroscopy,17−21 would be the most feasible schemes

to investigate the characteristics of TIs. However, the surface

signatures are easily overwhelmed by the bulk contributions.

Recent TrARPES studies have shown the surface carrier
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population in TIs can be induced by photoexcitation12,13 and
can separately obtain the temperature and chemical potential
relaxation of both the surface and the bulk.14 Nevertheless, the
ultrafast behavior of Dirac fermions near the Dirac point and
their detailed energy-dependent coupling with phonons remain
elusive for lack of probes with the appropriate energy range
(∼100 meV) specific to the Dirac cone. We further take the
advantage of the appropriate probe photon energies in the
optical pump mid-infrared probe (OPMP) spectroscopy to
explore the nonequilibrium dynamics of TIs. The mid-infrared
photon energy range (87−153 meV < bandgap energy of 300
meV in Bi2Se3) naturally selects the transitions limited within
the Dirac cone, and the femtosecond-time and millielectron-
volt-energy resolution allows us to distinguish the individual
dynamics of both the surface and the bulk. Such ultrafast mid-
infrared approach has potentially provided significant insights
to other correlation physics in strongly correlated materials, for
example, electronic phase transition in BaFe2As2 super-
conductors22 and phonon resonances in optimally doped
YBa2Cu3O7‑δ.

23

Figure 1 provides a synopsis of the OPMP spectra for all
samples investigated. The doping levels of samples span a wide

range, as listed in Table 1, (#1: n = 51.5 × 1018 cm−3, #2: n =
13.9 × 1018 cm−3, #3: n = 5.58 × 1018 cm−3, #4: n = 0.25 × 1018

cm−3) and show corresponding ARPES images.24 Details of
Bi2Se3 single crystal preparation and the OPMP spectroscopy
can be found in the Supporting Information. For the case of
Bi2Se3 #1 with a high carrier concentration (n = 51.5 × 1018

cm−3), a positive peak is clearly observed in ΔR/R. This
positive peak gradually diminishes as n decreases (#1→#4 in
Figure 1a). Noticeably, an additional negative peak appears for
the cases of n = 5.58 × 1018 cm−3 and n = 0.25 × 1018 cm−3, and
its amplitude is inversely proportional to n.

To elucidate the origins of both the positive and negative
signals, a model is shown in Figure 2a for the optical pumping
(1.55 eV) and mid-infrared probing processes in the schematic
energy band structure of the TIs based on the ARPES image in
Figure 1b. Because the used probe photon energy (87−153
meV) of the mid-infrared (mid-IR) is much smaller than the
band gap of ∼300 meV in Bi2Se3 (as shown in the ARPES
images of Figure 1b), the interband transitions between the
valence band (VB) and the conduction band (CB) of the bulk
are not allowed to occur. Thus, the free carrier absorption in
the CB (mid-IR probe (1) in Figure 2a) and Dirac cone surface
state (mid-IR probe (2) in Figure 2a) will dominate the probe
processes, which are responsible for the positive and negative
peaks in ΔR/R, respectively. To confirm this assignment and
reveal the physical meanings of the positive peak in ΔR/R, the
photon energy dependence of ΔR/R for #1 sample is shown in
Figure 2b. By decreasing the photon energy, ΔR/R gradually
changes from positive to negative. Around 136 meV (1100
cm−1), there are some intermediate signals mixed with both
positive and negative peaks, corresponding to deep in the
Fourier transform infrared (FTIR) reflectance spectrum (the
inset of Figure 2b). After pumping, the excited carriers suffer
the so-called intervalley scattering (see Supporting Informa-
tion), leading to the redshift of the reflectance spectra.
Therefore, the reflectivity increases as a function of time with
a large probing photon energy, which is higher than the
position of 136 meV deep in the reflectance spectra due to
plasma edge. On the contrary, the reflectivity decreases as a
function of time with a small probing photon energy, which is
lower than the position of 136 meV deep in the reflectance
spectra. Similar results were also observed in a typical
semiconductor n-type GaAs.25

Comparing the ΔR/R curves and ARPES images in Figure 1,
the amplitude of the positive peak in ΔR/R gradually shrinks as
the bulk carrier concentration decreases (see Table 1). On the
other hand, the negative peak in ΔR/R increases as the bulk
and surface carrier concentrations decrease. However, the
negative peak of ΔR/R increases dramatically with an
increasing ratio of the surface carrier concentration to the
total carrier concentration [nsurface/(nsurface+ nbulkd) in Table 1],
implying an intimate relation between the negative peak of ΔR/
R and Dirac fermions. Besides, the ΔR/R signal significantly
depends on the pumping fluences shown in Figure 3a.
Interestingly, the positive peak of ΔR/R has a stronger
dependence on the pumping fluences than the negative peak
does. Therefore, the negative peak still subsists at the low
pumping fluence of 3.3 μJ/cm2,26 while the positive peak
almost vanishes. This means the mid-IR probe process (1) in
the bulk state (see Figure 2a) can be suppressed by reducing

Figure 1. Carrier concentration (n) dependence of the transient
change in reflectivity ΔR/R in Bi2Se3 single crystals. (a) ΔR/R of
samples #1 (n = 51.5 × 1018 cm−3), #2 (n = 13.9 × 1018 cm−3), #3 (n =
5.58 × 1018 cm−3), and #4 (n = 0.25 × 1018 cm−3) with a pumping
fluence of 34 μJ/cm2 and probing photon energy of 141 meV. (b)
ARPES band dispersion images on samples of (a).24

Table 1. Fermi Energy and Carrier Concentration of Bulk
and Surface States for Various Samples Grown by Different
Methods (aVertical Bridgman, b Modified Floating Zone)a

carrier concentration

code
EF−EDirac point

(meV)
nbulk (10

18

cm−3)
nsurface (10

13

cm−2)
nsurface /(nsurface+

nbulkd)

#1 a 422 −51.5 ± 0.84 −1.45 0.11
#2 b 325 −13.9 ± 0.26 −0.83 0.20
#3 a 284 −5.58 ± 0.25 −0.72 0.35
#4 b 260 −0.25 ± 0.01 −0.47 0.89
aAll samples are n-type. “d = 23.5 nm” is the penetration depth of 800-
nm pumping light (see Supporting Information).
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the pumping fluences; meanwhile, the mid-IR probe process
(2) (see Figure 2a) associated with the negative peak can be
preserved at the low pumping fluence (see Supporting
Information). Here, we can conclude that the positive (or
negative) signal within a several picoseconds time scale in ΔR/
R is due to the process (1) of the mid-IR probe in the bulk state
of Bi2Se3.
The relation between the negative peak and Dirac fermions

can be certified in a quantitative way. According to the Fermi
Golden rule, the amplitude of the negative peak should be
proportional to the transition probability (Ti→f) between the
initial and final density of states in the Dirac cone. With an
increase in the probing photon energy, the amplitude of the
negative peak increases. Owing to the large positive signal
before 5 ps in samples #1 and #2, this probing photon energy
dependence of the negative peak amplitude cannot be easily
disclosed. However, this dependence was clearly observed in
both samples #3 and #4. The experimental data are fitted well
by the Ri,Dirac × Rf,Dirac (dashed line in Figure 3c, Ri,Dirac and
Rf,Dirac are the circumferences of rings in Figure 2a), which is
proportional to the transition rate between the initial and final
density of states for the mid-IR probe process (2) in the Dirac
cone (see Supporting Information). This strongly indicates the
negative peak of ΔR/R is dominated by the mid-IR probe
process (2) in the Dirac cone (see Figure 2a). Consequently,
the ultrafast dynamics of the Dirac fermions can be clearly
disclosed by the negative peak of ΔR/R. The above
experiments were carried out at the low pumping fluence of
3.3 μJ/cm2 to avoid disturbance of the positive peak from the
bulk state, as shown in Figure 3b.
The rising time (τr) and decay time (τd) of the negative peak

of ΔR/R significantly depends on the probing photon energy,
as in Figure 3d. The rising time of the negative peak of ΔR/R
also becomes longer when the probed regime is closer to the

Dirac point. On the basis of the above observations, we can
further establish the ultrafast relaxation picture for Dirac
fermions in TIs. Immediately following the 1.55 eV pumping,
the major process is the carriers in the bulk valence band
(BVB) are excited to the bulk conduction band (BCB). The
carrier recombination between the BCB and BVB can be
ignored in this study due to the time scale for such a process is
typically ≫1 ns.27 Consequently, the unoccupied states in BVB
caused by pumping would mainly be refilled through the
bottom part of the upper Dirac cone that almost overlaps with
the top of BVB at the same momentum space, as shown in the
ARPES images of Figure 1b. This implies the carriers in this
part of the Dirac cone can be easily transferred into the
unoccupied states in BVB and increasing the number of the
unoccupied states near the Dirac point enhances the absorption
channel for the mid-IR process (2) in the Dirac cone (Figure
2a). Therefore, the reflectivity of the mid-IR probing light
decreases within 1.47−3.60 ps, that is, the rising time of the
negative peak in Figure 3b,d. Once the carriers in the Dirac
cone relax into BVB, the BCB (like a carrier reservoir)
subsequently injects the excited carriers into the unoccupied
states in the Dirac cone to diminish the absorption channel for
the mid-IR process (2) (Figure 2a). This leads to the increased
mid-IR reflectivity within 14.8−87.2 ps, consistent with the
ARPES results12,13 of a nonequilibrium population of the
surface state persisting for >10 ps. The several tens of
picoseconds in decay time, which is much longer than the
rising time of several picoseconds, is because the carriers in
BCB cannot directly transfer into the top of the Dirac cone
without overlaps occurring between them and other auxiliaries,
for example, phonons. A movie showing the relaxation
processes of Dirac fermions in the Dirac cone after pumping
is included in the Supporting Information.

Figure 2. Schematic energy band structure and photon energy dependence of ΔR/R in a bulk state. (a) Schematic energy band structure of TIs
according to the ARPES images in Figure 1b and the optical pump mid-IR probe processes. CB: conduction band. VB: valence band. SS: surface
state. Ri,Dirac and Rf,Dirac: the circumferences of initial and final states in Dirac cone for mid-IR probing. (b) With a pumping fluence of 38 μJ/cm2, the
ΔR/R of Bi2Se3 #1 at various photon energies (wavenumber) from 87−153 meV (700−1234 cm−1). Inset: the Fourier transform infrared (FTIR)
reflectance spectrum of Bi2Se3 #1. The gray area indicates the range of the mid-IR photon energy used in this study.
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Phonons have been considered as the main medium in the
relaxation of Dirac fermions.14,28−31 Here, we follow this
approach. The photon energy dependence of the rising time
implies the coupling strength (λ) between Dirac fermions and
phonons varies at different positions of the Dirac cone.
According to the second moment of the Eliashberg function,32

the λ is inversely proportional to the relaxation time (τe) of
excited electrons

λ ω
τ

⟨ ⟩ ∝ 12

e (1)

where ω is the phonon energy that couples with the electrons.
For the estimate of ⟨ω2⟩, some vibrational modes are more
efficiently coupled to Dirac fermions than others are. In the
case of Bi2Se3, the symmetric A1g

1 mode of ∼8.9 meV is
coherently excited by photoexcitation and efficiently
coupled.21,33 Taking τe = τr in Figure 3d and Te = 370 K
(obtained from ref 14 at the low pumping fluence as mentioned
above) to estimate the coefficient of (πkBTe/3ℏ) in eq 1, the
photon energy dependence of the Dirac fermion-phonon
coupling strength is λ = 0.08 to 0.19, as shown in Figure 4a.
Recently, the ARPES measurements have reported inconsistent
electron−phonon coupling strength in Bi2Se3 varying from a
rather small λ∼0.0830 to a larger λ∼0.25.31 The Dirac fermion−
phonon coupling strength measured by the present OPMP
becomes significantly smaller near the Dirac point (the point of

K// = 0 in Figure 4a), which has a qualitatively similar tendency
to the estimate of equation 8 (dashed line in Figure 4a) in ref
29. The present results suggest that the variation of λ from
ARPES may be due to the different explored regimes (i.e., the
different chemical potentials) in the Dirac cone. Besides, the
time-resolved ARPES experiments also showed similar results.
Wang et al.14 reported that the surface cooling rate decrease
with the Fermi level (i.e., closing to the Dirac point). Because
the cooling time is inversely proportional to the surface cooling
rate, these time-resolved ARPES results are consistent with
those in Figure 3d. If the Dirac fermions are closer to the Dirac
point, they will have weaker coupling with the phonons to
suppress the scattering with phonons. This also implies the
effective mass of Dirac fermions in the surface state gradually
decreases as the Dirac fermions approach the Dirac point, in
agreement with the results in graphene.34 Consequently, this
study further provides a possibility to control the characteristics
of Dirac fermions for various applications in TIs such as
terahertz optoelectronics, spintronics, quantum computation,
and magnetic memories.
Finally, a closer look at the 3D plot of −ΔR/R as a function

of photon energy at various delays in Figure 4b reveals the
absorption peak (marked by arrows in Figure 4b) suffers a red
shift with the time delay. This implies the unoccupied density
of states in the Dirac cone shift as a function of time, that is, the
energy of carrier loss as a function of time. According to the

Figure 3. Pumping fluence and photon energy dependence of ΔR/R and its amplitude and rising (decay) time in the surface state. (a) With probing
photon energy of 141 meV, the ΔR/R of Bi2Se3 #4 at various pumping fluences from 3.3−105 μJ/cm2. (b) With a pumping fluence of 3.3 μJ/cm2,
the ΔR/R of Bi2Se3 #4 at various photon energies from 90−152 meV. (c) The photon energy-dependent negative peak amplitude of ΔR/R in panel
b. The photon energy dependence of the normalized absorption probability (dashed line, that is, Ri,Dirac × Rf,Dirac in Figure 2a) of the mid-IR probe
beam in the Dirac cone surface state. (d) The photon energy-dependent rising time (τr) and decay time (τd) of ΔR/R in (b).
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first moment, (∫ (ΔR/R)Ephoton dEphoton)/(∫ (ΔR/R)dEphoton),
we estimate the energy loss rate of carriers in the Dirac cone. As
shown in Figure 4b, the solid dots represent the first moment at
different time, which is associated with the red shift of the
absorption peak in Figure 4b. An exponential fit to the time-
dependent first moment in Figure 4b gives a relaxation time of
14.8 ps within the range of 15 meV. Therefore, the energy loss
rate of Dirac fermions in the Dirac cone is ∼1 meV/ps, which is
larger than that of ∼0.64 meV/ps in GaAs estimated from ref
25 but smaller than that of ∼17.7 meV/ps in graphene with
Dirac cone.35 This parameter measured by OPMP would be
extremely important for designing optoelectronics, especially in
the terahertz range.
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