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Abstract 16 

Ultrafast carrier dynamics have great significance for our understanding of the transport 17 
properties of the surface state in topological insulator (TI) materials. We report mid-infrared 18 
pump-probe measurements on the intrinsic TI material, Bi . Sb . Te . Se . , and show that the 19 
change in photo-induced reflectivity can be decomposed into a fast negative part and a slow positive 20 
part. Calculations of the dielectric function made at various carrier temperatures and densities reveal 21 
that the fast negative component corresponds to the disappearance of the phase-space filling effect 22 
due to hot carriers around the probe energy, and the decay component corresponds to the 23 
recombination of carriers near the band edge. The ratio of the fast negative component to the slow 24 
positive component is larger in the excitations conducted at the higher carrier densities, which 25 
suggests that the carrier temperature increases through Auger recombination. A qualitative analysis 26 
using rate equations reinforces this assumption, so we conclude that Auger recombination is the main 27 
cause of the population relaxation at carrier densities higher than 1018 cm-3, and that we determined 28 
the Auger coefficient for Bi . Sb . Te . Se .  as 0.4 10 cm  /s. 29 
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I. Introduction 1 

The surface electronic states of three-dimensional topological insulators (TIs) follow the 2 
massless Dirac equation with the spin state locked by the momentum direction as a result of the 3 
nontrivial topology in the bulk insulating state 1–11. The electronic properties of surface states have 4 
been investigated with angle-resolved photoemission spectroscopy (ARPES)7–9, tunneling 5 
spectroscopy10, 11, and conductivity measurements12–20. The experimental elucidation of the ultrafast 6 
carrier dynamics in typical Bi2Se3, Bi2Te3, and Sb2Te3 TIs and their mixed crystals had a great impact 7 
on our understanding of the transport properties of massless Dirac electrons and spin-polarized 8 
charge current. So far, non-equilibrium carriers have been produced by near-infrared (IR) pulse 9 
excitation, and their picosecond dynamics have been studied by examining the time-resolved ARPES 10 
spectra21–24 and time-resolved reflectivity 25–29. These studies have clarified that thermalizing and 11 
subsequent cooling of non-equilibrium carriers occurs after photo-excitation and quasi-steady filling 12 
of the surface states arises through bulk-to-surface interband scattering21–23,28. These findings may 13 
point the way to a novel scheme for ultrafast optical control of the surface conduction channel. 14 

 15 
As mentioned above, time-resolved ARPES spectra measurements have revealed the 16 

subsequent thermalizing and cooling processes of non-equilibrium carriers after photo-excitation. J. 17 
A. Sobota et al. studied carrier thermalizing and cooling dynamics after excitation of carriers in both 18 
n-type21 and p-type22 Bi2Se3 with 1.5 eV near-IR optical pulses. They found that hot carriers cool 19 
down within a few picoseconds, and meta-stable bulk carriers fill the surface states through the 20 
bulk-to-surface scattering. Y. Wang et al.23 investigated the mechanism behind bulk-to-surface 21 
scattering in terms of the dependence on the lattice temperature of n-type Bi2Se3 and found that the 22 
bulk-to-surface scattering channel shuts off at low lattice temperature, which indicates that this 23 
channel is mediated by acoustic phonon emission.  24 

 25 
In contrast to the clear evidence for surface-state filling, the main mechanism of the carrier 26 

relaxation process has yet to be determined. Under the conditions of the above experiments, 27 
many-body effects such as Auger recombination originating from highly excited carriers with 28 
densities of 10 10  cm  should play an important role in the ultrafast relaxation process. 29 
Auger recombination is the main relaxation process of the carrier population in narrow gap 30 
semiconductors, wherein electrons and holes recombine non-radiatively and the recombination 31 
energy is transferred to residual carriers. Since this relaxation process can compete with 32 
bulk-to-surface scattering, it is important to clarify its role in the relaxation process. The time 33 
constant of Auger recombination is 0.01 1 ps for typical narrow-gap semiconductors InAs30 and 34 
InSb31 at carrier densities of 10 10   cm . The Bi2Se3 family of TIs also has a narrow bulk 35 
band-gap energy (0.3 eV), so Auger recombination should be an important factor in its picosecond 36 
dynamics. Auger recombination has not been discussed to much extent in the previous reports, 37 
although some24 have mentioned that this effect occurs in the initial stage of the relaxation process. 38 
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To understand the Auger recombination effect, the fluence dependence in the time-resolved 1 
measurement should be clarified. However, in the previous time-resolved ARPES studies, carriers 2 
were excited with a high fluence (10 10   cm ) to obtain sufficiently strong signal to perform 3 
photoemission spectroscopy, and no detailed fluence dependence of the carrier relaxation dynamics 4 
has been reported. Furthermore, the excitation energy (1.5 eV) was much higher than the bulk 5 
band-gap energy, and hence the dominant phenomenon contributing to hot carriers was the large 6 
excess energy, not Auger recombination. Here, we studied the relaxation dynamics near the band 7 
edge in order to suppress the excess energy and tried to determine whether the hot carrier distribution 8 
originates from the excess energy or from Auger recombination. For this purpose, we considered that 9 
TI materials with bulk-insulating properties12–19 would be a way to distinguish the scattering 10 
dynamics of the excited carriers from scattering by the originally doped carriers. Additionally, by 11 
suppressing free carrier absorption, we can estimate the number of excited electron-hole pairs. 12 
Bulk-insulating TI materials have recently been synthesized12–19.  Measurements of their optical 13 
properties, such as an absorption spectrum and reflection loss, are necessary for determining the 14 
exact excited carrier density. 15 

 16 
We studied the intrinsic TI material, Bi . Sb . Te . Se . 14,15 (carrier density of 17 2.3 10  cm  at 1.8 K). First, we measured the reflectivity spectrum from 0.15 eV to 7.0 eV and 18 

obtained the broadband dielectric function and optical conductivity with Kramers-Kronig analysis. 19 
Next, using these optical properties, we conducted mid-IR pump-probe reflectivity measurements. 20 
We excited the carriers with mid-IR optical pulses having photon energies ranging from 0.30 eV to 21 
0.66 eV, and the excited carrier density was in the range 1 10 1 10  cm . We could 22 
obtain sufficiently strong signals even from such low-density excitations owing to the high resistivity 23 
of the bulk. Photo-induced reflectivity changes were measured around 0.7 eV, which is higher than 24 
the excitation energy. This observation enabled us to monitor the change in the population of hot 25 
carriers. From the excitation density and photon energy dependencies, we found that more hot 26 
carriers were created at high excitation densities and that Auger recombination should be relevant in 27 
the relaxation dynamics. Theoretical simulations with rate equations were in good accordance with 28 
the experimental observations, and we concluded that in the initial stage, carriers underwent Auger 29 
recombination and the remaining carriers became hot. These findings indicate that fewer bulk 30 
carriers are available for surface-filling because Auger recombination affects the high-density 31 
excitations and suppresses the supply of surface carriers. 32 
 33 
 34 

II. Experiment 35 

A. Sample Preparation 36 
 37 



4 
 

High-quality single crystals of Bi1.5Sb0.5Te1.7Se1.3 were grown by melting stoichiometric 1 
amounts of high-purity elements in sealed quartz tubes at 850  for 48 h and then cooling them 2 
slowly to 550 , at which the boule was kept for four days to reduce crystal defects. X-ray 3 
diffraction analyses confirmed that the crystals had a chalcogen-ordered tetradymite structure. 4 
Representative crystals cut from the boules were characterized by measuring the temperature 5 
dependence of the resistivity and the low-temperature Hall coefficient; these measurements were 6 
confirmed to be similar to those reported in Refs. 9 and 12-16 for these compositions. According to 7 
the ARPES spectrum of Bi1.5Sb0.5Te1.7Se1.3

9, the chemical potential of electrons is above the Dirac 8 
point of the surface states between the bulk band gap at 30 K, which indicates that the surface Dirac 9 
fermions are n-type, and the electron density in the bulk electronic state is quite small 10 
( ~ 10  cm ). 11 
 12 
 13 

B. Characterization of Optical Conductivity 14 
 15 

The reflectivity measurements were performed using a Fourier-transform IR spectrometer 16 
(Bruker Optics, VERTEX 80v) with a microscope system (HYPERION) operating between 0.15 eV 17 
and 1.6 eV, a single monochromator (Princeton Instruments) with a charge-coupled device (CCD) 18 
camera (InSight100A) between 1.5 eV and 3.0 eV, and a vacuum grating monochromator of the 19 
Seya-Namioka type (Shimadzu, SGV-50) with a deuterium lamp (Hamamatsu, L1835) between 3.0 20 
eV and 7.0 eV. Figure 1(a) shows the reflectivity spectrum  for Bi1.5Sb0.5Te1.7Se1.3 from 0.15 21 
eV to 7.0 eV at room temperature (300 K). We obtained the absorption spectrum and dielectric 22 
function by applying a Kramers-Kronig transformation to the reflectivity spectrum. Before the 23 
transformation, extrapolations were made with the Drude response below 0.15 eV and with the 24 ω -dependence above 7.0 eV 32. The optical conductivity for the Drude response is given by 25 
 26 

 D A 1 , (1) 

 27 
where  is the dielectric constant of the vacuum,  is the elementary charge, A is the carrier 28 
density at the equilibrium state,  is the effective mass, and γD is the carrier scattering rate. The 29 
extrapolation used a free carrier density of A 5 10  cm  at 300 K, the effective mass, 30 0.32 15,20(  is the electron mass), for Bi1.5Sb0.5Te1.7Se1.3, and the carrier scattering rate for 31 
Bi2Se3, γD 3.27 meV33 (  is the planck constant). At 300 K, the bulk electronic state of 32 
Bi1.5Sb0.5Te1.7Se1.3 becomes semiconducting, since holes are thermally excited from acceptor levels. 33 
These holes mainly contribute to the free carrier absorption at room temperature, and the free carrier 34 
density A at 300 K was determined using the relation A exp Δ / , where A  is 35 
the effective acceptor density ( A 6 10  cm )14, Δ  is the effective activation energy 36 
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( Δ 65 meV )14, B  is the Boltzmann constant, and  is the carrier temperature at the 1 
equilibrium state ( 300 K ). The background dielectric constant  was determined by 2 
least-squares fitting and we obtained 19.6 . Here, the plasma frequency 3 ω A /    was estimated as ω  32.7 meV. The extrapolation above 7.0 eV 4 

was determined by a least-squares fitting with the function, / , and we obtained 5 3.8 eV. The extrapolations are shown as the blue dashed lines in Fig. 1(a). We confirmed that 6 
the extrapolations had no significant effect on the derived spectra. The real part ε  of the 7 
dielectric function ̃ ε ε  and the real part σ  of the optical conductivity 8 σ σ ̃ 1 , resulting from Kramers-Kronig analysis, are shown 9 
in Figs. 1(c) and (d), and the penetration depth  is shown in Fig. 1(b). Note that the reflectivity 10 
spectrum and the dielectric function have similar structures to those in the previous reports on the 11 
Bi2Se3 family 34–36. 12 
 13 
 14 

C. Femtosecond Pump and Probe Experiments 15 
 16 

To clarify the non-equilibrium carrier dynamics, pump-probe reflectivity measurements 17 
were performed with mid-IR optical pulses on single crystals of Bi1.5Sb0.5Te1.7Se1.3 at room 18 
temperature ( 300 K). Carriers were selectively excited with mid-IR ultrafast laser pulses at 19 
photon energies ranging from 0.30 eV to 0.66 eV. The mid-IR pulses were generated by the output 20 
from a Ti: sapphire regenerative amplifier (Legend Elite, Coherent; central wavelength of 800 nm, 21 
repetition rate of 1 kHz and pulse width of 100 fs) followed by an optical parametric amplifier 22 
(TOPAS, Light Conversion) and a non-collinear difference frequency generator (NDFG, Light 23 
Conversion). To monitor the population change of the hot carriers, photo-induced reflectivity 24 
changes, / / , were measured around the photon energy of 0.7 eV with an 25 
InGaAs photodiode, where  is the reflectivity in the absence of light irradiation and  is that 26 
after light irradiation. By selecting this probe energy, we can avoid the spatial differences in the 27 
excitation density, because the penetration depth (shown in Fig. 1(b)) of the probe light is smaller 28 
than that of the excitation light. Since the penetration depth at the probe energy is larger than the 29 
thickness of the surface states, we will mainly discuss the dynamics of the bulk carriers. The probe 30 
light was generated by the output from another Ti: sapphire regenerative amplifier (Legend USP, 31 
Coherent; central wavelength of 800 nm, repetition rate of 1 kHz and pulse width of 45 fs) followed 32 
by an optical parametric amplifier (TOPAS, Light Conversion). Since the seed pulses of the two 33 
regenerative amplifiers were generated from one Ti: sapphire oscillator (Mira Seed, Coherent: a 34 
repetition rate of 76 MHz) and synchronized with each other, there was zero temporal jitter between 35 
the pump and probe pulse,37 and the time resolution was limited by the pulse width (100 fs). All of 36 
the measurements were performed at room temperature ( 300 K). 37 
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 1 
 2 

III. Time-resolved Reflectivity Measurements 3 

A. Assignment of Optical Transitions in Bi1.5Sb0.5Te1.7Se1.3 4 
 5 

In time-resolved reflectivity measurements, photo-excited carriers are thermalized on 6 
sub-picosecond order through carrier-carrier scattering21,22. The distribution function of the 7 
thermalized electrons (holes) is a Fermi-Dirac distribution characterized by the carrier temperature 8 

, which is higher than the values at thermal equilibrium just after photo-excitation in most cases, 9 
and carrier chemical potential . To calculate the change in the reflectivity spectrum in such a 10 
hot-carrier distribution, we decomposed the dielectric function at thermal equilibrium (shown in Figs. 11 
1(c) and (d)) into several components and found the general form applicable to a hot-carrier 12 
distribution. 13 

 14 
The optical conductivity consists of one broad structure from 0.3 to 5 eV and the 15 

extrapolated Drude response in the mid-IR region (labeled D). The structure is composed of five 16 
peaks, labeled L0, I, L1, L2, and L3 from the lower energy side (shown as Fig. 1(d)). The indirect 17 
band gap energy of Bi1.5Sb0.5Te1.7Se1.3

9 has been estimated from photo-emission spectra to be around 18 0.3 eV, which means that peak I starting from 0.3 eV should be attributed to the interband 19 
transition from the highest valence band (labeled V1) to the lowest conduction band (labeled C1). 20 
Since L0 is on the lower energy side of I, we attributed it to the resonance of the exciton formed 21 
between V1 and C1. The remaining peaks, L1, L2, and L3, should originate from the interband 22 
transitions between other electronic bands. To clarify the carrier dynamics near the band edge, we 23 
excited carriers between V1 and C1 and probed the carrier distribution in these bands with mid-IR 24 
pulses. The photon energies of the pump and probe pulses are indicated in the inset in Fig. 1(a). 25 
 26 

For quantitative evaluations, we decomposed the structure from 0.3 to 5 eV into five 27 
absorption bands, I and L  0,1,2,3 . In the following, we described the optical conductivities 28 
for the five absorption bands in order to calculate the reflectivity spectra for the thermal equilibrium 29 
state and the photo-induced non-equilibrium state. Since peak I is attributed to the interband 30 
transition of our main study, we carefully determined the optical conductivity I  including the 31 
carrier distribution. It can be written as a superposition of Lorentzian functions in -space38–40, 32 
 33 

 I 2 d2  I 1 FD , , FD , ,I I , (2) 

 34 
where I is the oscillator strength of the electric-dipole transition between C1 and V1, I is the 35 
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damping constant, I  is the resonance frequency, and  and  are the temperature and 1 
chemical potential for electrons (holes). The factor of 2 arises from two spin states in C1 and V1 2 
bands. FD , , 1/ e / 1    is the Fermi-Dirac distribution at temperature  and 3 
chemical potential . The zero point of the chemical potential  and the energy  for electrons 4 
(holes) is defined as the value at the Γ point of the C1 (V1) energy dispersion. The oscillator 5 
strength I is connected with the momentum matrix element between C1 and V1, CV, through the 6 
relation I 2| CV| / 38. In most cases, CV and I do not strongly depend on k 38, 7 
and therefore, we regarded them as constant parameters. I  was derived from the energy 8 
dispersions of the electron band  and the hole band , using the relation, I9 / , where  is the direct band gap energy ( 0.38 eV  9). An 10 
appropriate model for the energy dispersions, , was assumed to be a cosine-shape dispersion 11 
in the direction of the trigonal axis (  axis) and a parabolic dispersion in the direction perpendicular 12 
to the trigonal axis, represented as 13 

 14 

 2 , 12 , 1 cos 3 , (3) 

 15 
where  is the lattice constant ( 2.983 nm)14,  is in the trigonal axis in k-space, 16 

 is in the perpendicular direction to ,  is in the binary axis (  axis),  is 17 
perpendicular to  and , and atan / . Since the minima of the hole dispersion do not 18 
lie at the Γ point, we added a linear term  to the first term of the right-hand side. Accounting 19 
for the hexagonal warping effect4, ,  was assumed to have the following hexagonal 20 
shape: , 1 cos 6 /2. We determined the values of these constants, 21 
summarized in Table I, by referring to the band structure obtained from a first-principles 22 
calculation3,41. A simple model for the optical conductivity σL,  for the L  0,1,2,3  peaks 23 
is given by a Lorentzian function,  24 
 25 

 σL, e BZ 1 FD , , , FD , , ,  , (4) 

 26 
where BZ is the electron density over the entire Brillouin zone ( BZ 1.29 10  cm ), derived 27 
from the lattice constants ( 0.424 nm, and 2.983 nm)14,  is the resonance frequency,  28 
is the oscillation strength, and  is the damping constant of each Lorentzian function. ,  is the 29 
typical energy of the final (initial) state in the optical transition, assumed as , /2. 30 
  31 

The dielectric function for the thermal equilibrium state or the photo-induced 32 
non-equilibrium state is given by the sum of the optical conductivities as follows: 33 
 34 
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 ̃ 1 σD σI σL, . (5) 

In the following, we determined the parameters using a least squares analysis with Eq.(5) to the 1 
dielectric function and the optical conductivity at thermal equilibrium, shown as Fig. 1(c) and (d). In 2 
this fitting, we fixed the optical conductivity for the Drude response, σD , to the extrapolated 3 
function. The temperatures and the carrier density were fixed to their values at room temperature 4 
( 300 K, 1  10  cm , and 5  10  cm ). The values of  and 5   were determined by using the relations that  and 0 at the 6 
thermal equilibrium, where the chemical potential  was derived from  and 7 300 K with the energy dispersion of electrons (holes). In Figs. 1(c) and (d), the best-fitting functions 8 
are shown as red lines and the real parts of the optical conductivities σD , σI  and 9 σL,  0,1,2, 3  are shown as dotted lines. The values of the parameters are summarized in 10 
Table II. The oscillator strength I, estimated from the momentum matrix element, CV, is 1.1 at 11 1 eV. We assigned the energy structures of the peaks L  1,2,3  on the basis of the 12 
previous photo-emission spectroscopy reports 21,42, as shown as Fig. 1(e). We found that the 13 
calculated optical conductivity was slightly smaller than the experimental observation below the 14 
band gap energy of 0.3 eV and the resonance of the exciton L0. The slight discrepancy suggests that 15 
additional optical transitions, such as interband transitions between the surface Dirac dispersions, 16 
may exist below the band gap energy, and this absorption band may provide us information on the 17 
optical properties in the surface states. In addition, the residual structure above 7.0 eV may originate 18 
from the interband absorption between higher energy bands. The theoretical form, Eq.(5), of the 19 
dielectric function and the parameters determined with the fitting were used in the analysis for the 20 
photo-induced reflectivity change in the section III-D. 21 

 22 
B. Excitation Carrier-Density Dependence of Photo-Induced Reflectivity Change 23 

 24 
Figure 2(a) shows temporal profiles of the reflectivity changes  /  at excited carrier 25 

densities of Δ 4.2  10  , 8.5 10 , 1.3 10 ,  and 1.7 10  cm  at room 26 
temperature ( 300 K). Carriers were excited at 0.61 eV, and the photo-induced reflectivity 27 
change was probed at the photon energy of 0.78 eV. The excitation carrier density Δ  was 28 
estimated from the illuminated photon flux , reflectivity , and penetration depth  with 29 
the relation Δ 1 / . In the low-density excitation, the reflectivity increased just 30 
after the pulse excitation, and the reflectivity relaxed into the value at thermal equilibrium in 10 ps. 31 
In contrast, in the high-density excitation, the reflectivity rapidly decreased, and the reflectivity 32 
recovered with the time constant of a few picoseconds. After the reflectivity exceeded the value at 33 
thermal equilibrium, it relaxed with the time constant of 10 ps. We found that the whole change 34 
could be decomposed into two components: a fast-negative component and a slow-positive 35 
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component. To get a qualitative understanding of these features, we performed a least-squares fitting 1 
analysis on the reflectivity changes / . The fitted functions were convolutions of a Gaussian 2 
function (width of 100 fs), describing the cross-correlation between the pump and probe pulses, with 3 
the double-exponential curve, 4 
 5 

 exp exp , (6) 

 6 
where  and  are respectively the amplitude and the relaxation time of the fast negative 7 
(slow positive) component. The best-fitted functions are shown as dashed lines in Fig. 2(a). Since the 8 
relaxation time  is almost independent of the excitation photon energy, it was set to 10 ps. Figure 9 
2(b) shows the excitation-density dependence of the ratio of the amplitudes, / . /  was 10 
smaller at lower carrier density, and it monotonously increased with carrier density. In section III-D 11 
and E, we will discuss the theoretical simulation for these results, and show the numerical results (a 12 
dotted line shown in Fig. 2(b)). 13 
 14 
 15 

C. Excitation Photon-Energy Dependence 16 
 17 

Figure 3(a) shows the reflectivity changes /  probed at 0.71 eV after excitations at 18 
photon energies ranging from 0.30 eV to 0.66 eV at room temperature ( 300 K). The excited 19 
photon flux was 2.8 10  cm , which corresponds to a fluence of 30 µJ/cm  at 0.66 eV. 20 
After the excitation at 0.30 eV, the reflectivity rapidly increased. Then it relaxed with the lifetime of 21 
10 ps. In contrast, at the excitation of 0.66 eV, the reflectivity rapidly decreased, then started to 22 
increase. After the reflectivity became higher than the value at thermal equilibrium, it relaxed with a 23 
time constant of 10 ps. These behaviors were quite similar to the excitation-density dependence of 24 
the photo-induced reflectivity changes. Note that the probe energy of 0.71 eV was slightly different 25 
from that of the previous measurement (0.78 eV), but we confirmed that the difference had no 26 
significant effect on the dynamics. We also applied a least-squares fitting with a double-exponential 27 
curve (6) to the photo-induced reflectivity changes. The best-fitted functions are shown as the dashed 28 
lines in Fig. 3(a). Figure 3(b) shows the excitation-energy dependence of the ratio of the amplitudes 29 /  (b1), and the relaxation time  (b2). We found that /  was almost zero at 0.30 eV, 30 
and it monotonously increased as a function of the excitation energy. The time constant of the 31 
fast-negative component, , decreased almost monotonously, although the errors of the 32 
least-squares fitting were somewhat large since the amplitude of the fast-negative component became 33 
small at the lower energy. As the excitation energy became higher,  became closer to the values 34 
observed in the previous measurement at the excitation of 1.55 eV. Two possible origins for the 35 
excitation-energy dependence are conceivable. First, the dependence can be derived from the excess 36 
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energy transferred to carriers. Roughly, the carrier temperature  just after thermalization can be 1 

determined from the increase in the internal energy, obeying the relation,  2Δ2 

Δ . Here, we assume that carriers obey a Boltzmann distribution where the 3 

internal energy of one free carrier  is given by 3 /2, and that the energy 4 
acquired by the photo-excitation is used for the increase in temperature of both the initial carriers 5 
(density of ) and the photo-excited carriers (density of 2Δ ). The approximation, 6 

 is justified, since the electron density at the thermal equilibrium, 17 10  cm , was much smaller than the density of thermally-excited holes,  5 10  cm . 8 
The temperature of the carriers of the 0.60 eV excitation (excitation density of Δ 9.19 10  cm ) was estimated to be around 1000 K, which is much higher than the lattice temperature 10 
( 300 K ). Owing to the increase in carrier temperature, we observed the characteristic 11 
dependence on the excitation energy. Another possibility is the increase in carrier density. Although 12 
we set the excited photon flux to a constant value, the excitation carrier density depended on the 13 
absorption coefficient on the photon energy, following Δ 1 / . The excitation 14 
density was around 10  cm  at 0.30 eV, and around 10  cm  at 0.66 eV. Therefore, this 15 
carrier-density dependence could induce the results shown in Fig. 3. In section III-D and E, we will 16 
discuss the theoretical simulation for these results, and show the numerical results (lines shown in 17 
Fig. 3(b)). 18 
 19 

D. Phenomenological Model for the Reflectivity Change 20 
 21 

Here, we will discuss the microscopic origins of the two exponential components. Figure 4 22 
shows several processes in the generation and relaxation dynamics of photo-excited carriers in a 23 
time-series order. The following scenario is conceivable, given the previous reports about the 24 
time-resolved ARPES measurements21–23. After carriers are excited by optical pulses (Fig. 4(a)), 25 
carriers are thermalized within a few hundred femtoseconds through electron-electron scattering21–23 26 
(Fig. 4(b)). The thermalized carriers are characterized by a carrier distribution function, and their 27 
relaxation dynamics are described by the temporal evolution of the thermodynamic parameters 28 
(carrier temperature and carrier density). Now, let us consider how the thermodynamic parameters 29 
evolve under the possible relaxation processes shown in Fig. 4. The carrier temperature just after the 30 
photo-excitation is higher than the lattice temperature 300 , because carrier-phonon 31 
scattering is slower than the carrier thermalization time. This hot carrier distribution cools down as a 32 
result of the electron-phonon scattering within 2 ps21,22 (Fig. 4(c)). A meta-stable population forms 33 
around the band edge and the excited electrons relax to the valence band and the surface states in 34 
several picoseconds21–24,28. The previous reports suggest that the main process of this population 35 
relaxation is interband scattering into the surface states (Fig. 4(e)). However, in addition to this 36 
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interband scattering process, Auger recombination originating from highly excited carriers with a 1 
density of 10 10  cm  should also play an important role in the recombination process (Fig. 2 
4(d)). In Auger recombination, electrons and holes recombine non-radiatively, and the recombination 3 
energy is transferred to the residual carriers. Macroscopically, the carrier density decreases, and the 4 
carrier temperature increases. The typical time-scale of Auger recombination in narrow-gap 5 
semiconductors is a few picoseconds at the excitation-density of 10  cm 30,31. Therefore, we 6 
supposed that Auger recombination is a possible process involved in the population relaxation. In 7 
section III-B, the ratio /  in the reflectivity was found to show significant changes with carrier 8 
density, and this nonlinear behavior is direct evidence that many-body effects are relevant in the 9 
relaxation dynamics. The nonlinear dependence on the excited carrier density also suggests that 10 
Auger recombination may be related to the relaxation dynamics. 11 

In the time-resolved ARPES experiments21–23, non-equilibrium carriers were excited with 12 
densities of 10 10  cm , and the fluence dependence of the carrier relaxation dynamics 13 
remains an unsolved problem. This is because photo-excitation with a high fluence (1014 10   cm ) is necessary for obtaining sufficient signals for photoemission spectroscopy, and 15 
time-resolved ARPES studies with low-fluence excitations still remain challenging at the moment. 16 
Therefore, the time-resolved ARPES study could not clarify the nonlinear dependence on the excited 17 
carrier density. 18 

Note that thermal diffusion might be another population relaxation process, but its effect 19 
seems negligible in this experimental situation. The time constant of thermal diffusion, / , is 20 
long, typically tens or hundreds of picoseconds at our excitation frequencies21,22, where  is the 21 
penetration depth ( 100 nm ~ 1 µm ; see Fig. 1 (b)), and  is the diffusion constant 22 
(  ~ 1.2 cm /s  on Bi2Se3 at 300 K27). Furthermore, although the penetration depth strongly 23 
depended on the excitation frequency, we found no significant dependence on the relaxation time of 24 
the decay component . Thus, we conclude that the thermal diffusion is not playing an important 25 
role. Since the time constant of radiative recombination of electron-hole pairs is typically slower than 26 
a nanosecond21,22, this effect is also negligible on the observed time scale. 27 

 28 
Let us discuss how this non-equilibrium carrier distribution characterized by the carrier 29 

temperature and density is related to the reflectivity. The dielectric function for a non-equilibrium 30 
carrier distribution was calculated with equations (1)-(5) by using the Fermi-Dirac distribution at a 31 
carrier temperature and density far from the values before the photo-excitation. Figure 5(a) shows the 32 
numerical simulation of the frequency dependence of the change in reflectivity from that at thermal 33 
non-equilibrium. We also show the reflectivity in Fig. 5(b), which is an enlarged view of the 34 
reflectivity spectrum in Fig. 1(a). The change in reflectivity was calculated by using the dielectric 35 
functions for non-equilibrium carrier distribution at the carrier temperature of  = 800 K (red 36 
solid line) and 300 K (blue dashed line). In the calculation of both lines, the carrier density was taken 37 
to be Δ Δ 1  10  cm . The chemical potential  was derived from 38 



12 
 

Δ  and  with the energy dispersion of electrons (holes). We found a significant 1 
difference between 800 and 300 K in the change in reflectivity near the probe energy, as shown in 2 
Fig. 5(a). This probe light concerns the optical transition from V1 to C1, according to the band 3 
structure shown as Fig. 1(e). At high carrier temperature, the absorption at the probe energy of 0.71 4 
eV is decreased by the phase-space filling effect39,43, since there were hot carriers even at the probe 5 
energy of 0.71 eV. Consequently, the decrease in absorption at the probe energy induces a decrease in 6 
reflectivity (at the red arrow in panel (a)). In contrast, at low carrier temperature, the excited 7 
electrons (holes) are only near the conduction-band bottom (valence-band top) and could not reach 8 
the probe energy. Note that the optical transitions involving low-energy occupied states near the band 9 
gap are forbidden according to the band structure. The phase-space filling near the conduction-band 10 
bottom (valence-band top) induced the change in the dielectric function. The decrease in the 11 
absorption near the band edge induced not only a decrease in reflectivity near the band edge, but also 12 
an increase in reflectivity at the high energy (at the blue arrow in panel (b)). This suggests that even 13 
though excited carriers decrease the absorption due to the phase-space filling, the increase or 14 
decrease in reflectivity is strongly dependent on the carrier temperature. Accordingly, we assigned 15 
the fast-negative component to the phase-space filling at the probe energy by hot carriers and the 16 
slow-positive component to the phase-space filling near the band edge by cool carriers. Roughly 17 
speaking, the time constant of the fast negative component, , can be attributed to the carrier 18 
cooling time, and that of the slow positive component, , can be attributed to the carrier lifetime. 19 
Note that the calculation of the dielectric function also includes a contribution from the free carrier 20 
absorption in addition to the phase-space filling effect, but it was negligible at the carrier densities of 21 
this study, since the plasma frequency (ω 30 100 meV) of the excited free carriers was smaller 22 
than the probe energy. 23 

 24 
To make the analysis of the photo-induced reflectivity change more quantitative, we 25 

evaluated the temporal profiles of the carrier temperature and density by using rate equations 26 
including carrier cooling, Auger recombination, and interband scattering to the surface state. First, 27 
we developed a rate equation for the carrier density. The rate equation for the excited electron (hole) 28 
density Δ  can be written as follows31,44,45: 29 
 30 Δ 1 1 Δ . (7) 

 31 
Here,  and  respectively represent time constant for interband scattering to the surface (Fig. 32 
4(d)) and Auger recombination time (Fig. 4(b)). The Auger recombination rate  is dependent on 33 
carrier densities and given as , where  is an Auger coefficient for 34 
Bi1.5Sb0.5Te1.7Se1.3. Note that we have omitted the k-dependence of the Auger coefficient , although 35 
it is generally dependent on the energy or wavenumber of the carriers. Since the electron density at 36 
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the thermal equilibrium, 1  10  cm , was much smaller than Δ  and  1 
(~10  cm ), the Auger recombination rate  can be simplified as Δ Δ2 

 with Δ , Δ A . We can obtain the relation that Δ3 Δ Δ  with Eq. (7), since the density of excited electrons and holes are equal at the 4 
photo-excitation (i.e. Δ 0 Δ 0 Δ ). 5 
 6 

Next, we developed a rate equation for the carrier internal energy based on two assumptions: 7 
(i) the temperatures of electrons and holes are equal (i.e. ), and (ii) the Auger 8 
recombination energy is equal to the sum of the band gap energy and the internal energy of one 9 
electron-hole pair. The first assumption is justified by the fact that the electron-hole scattering time 10 
should be faster than the time resolution. In this case, the rate equation for the carrier internal energy 11 
of one carrier, i.e. carrier temperature, can be written as  12 
 13 32 1 32 1 2 32 2 , (8) 

 14 
where the first and the second terms on the right-hand side represent carrier cooling by 15 
electron-phonon scattering ( : cooling time, shown as Fig. 4(c)) and energy acquisition by Auger 16 
recombination.  is the lattice temperature, and we used 300 K . To simplify this 17 
equation, we assumed that carriers obey a Boltzmann distribution where the internal energy of one 18 
free carrier  is given by 3 /2. The factor of / 2  in the 19 
second term is included by considering that the energy acquired through Auger recombination is 20 
distributed into whole carriers (thermally-excited holes from acceptor levels and photo-excited 21 
carriers) within the thermalization. The initial temperature  was determined from the internal 22 

energy obeying the relation, 2Δ Δ .  23 

  24 
 25 

E. Numerical Results 26 
 27 
 We used equations (7) and (8) to calculate the temporal profiles of the photo-induced 28 
reflectivity changes in the manner described in Fig. 5(b) of section III-D. The carrier distribution was 29 
a Fermi-Dirac distribution with density  and   , and 30 
temperature  corresponding to the solutions of the rate equations. The chemical potential  31 
was derived from  and  with the energy dispersion of electrons (holes). First, to show 32 
that this model of the rate equations can reproduce the experimental results, we present numerical 33 
solutions of the photo-induced reflectivity changes at various excitation energies. Figures 6(a) and 34 
(b) show the time evolutions of the reflectivity changes at 0 and 0.4 10 cm  /s 35 
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.  is of the same order as the Auger coefficients of narrow gap semiconductors, such as InSb 1 
( 1.2 1.7 10 cm  /s31, gap energy of 0.17 eV) and InAs ( 1.0 1.2 10 cm  /s30, 2 
gap energy of 0.35 eV). Here,  and  are 15 and 0.4 ps, respectively. At 0 shown in Fig. 3 
6(a), under the high-energy photo-excitation (a1), there was a small positive peak at 0 in the 4 
reflectivity change, and then /  rapidly decreased just after the photo-excitation. After this 5 
rapid decrease, /  recovered with the time constant of a few picoseconds, and then relaxed 6 
with the time constant of 10 ps. In the low-energy excitation (a7), /  increased just after the 7 
photo-excitation, and then relaxed. With the same decomposition-analysis in the section III-B and C, 8 
the fast components shown in Fig. 6(a) were much smaller than those obtained in the experiment. In 9 
contrast, at  shown in Fig. 6(b), the fast negative components became more prominent as the 10 
excitation energy increased, which indicates that Auger recombination enhanced the carrier 11 
temperatures at the higher energy excitation. These calculated reflectivity changes were in good 12 
qualitative accord with the measured reflectivity changes shown in Fig. 3(a). Note that small positive 13 
peaks are seen at 0 in panels a1-a4 and b1-b4 of Fig. 6, but they are not observed in the 14 
experiment. This is probably due to the breaking of the assumption that the carriers are immediately 15 
thermalized in each time steps. Actually, the carriers are thermalized with a finite time constant, 16 
which might smooth these sharp peaks. Since this breaking of the assumption is relevant only at the 17 
initial stage of the carrier relaxation dynamics, it does not have any essential effect on the following 18 
discussion about the carrier dynamics after the thermalization. 19 
 20 
 21 

The temporal profiles of Δ  and Δ  (Figs. 6(c) and (d)) clearly 22 
indicate the carrier dynamics. Without Auger recombination, both density and temperature decreased 23 
exponentially (panel (c)). Note that the difference in carrier density at 0 was caused by the 24 
dependence of the absorption coefficient on the excitation energy. In contrast, when the effect of 25 
Auger recombination was included, the carrier density after the high energy excitation decreased 26 
more rapidly before it asymptotically approached an exponential decay (panel (d)). In the previous 27 
ARPES observations of Bi2Se3 at room temperature21,23, the population relaxation time was slower 28 
than 1/Γ 2 ps . In our calculation, the rapid population relaxation was due to Auger 29 
recombination in the initial stage, which is consistent with the previous observations. The Auger 30 
recombination increased the carrier temperature. At the high carrier temperatures resulting from 31 
Auger recombination, the photo-induced reflectivity change became negative; then, the reflectivity 32 
change increased as the carriers relaxed into thermal equilibrium. Furthermore, we found that the 33 
relaxation dynamics could not be simply described as a single exponential decay. The analytical 34 
solution in the long-time limit (t τN, τT , I Δ , and ) enables us to 35 
understand this nontrivial behavior. In this limit, the solution for the carrier density is given as 36 Δ / , where Δ Δ / 1 Δ . The rate equation for the carrier 37 
temperature follows a double-exponential decay, Δ exp 2 /  Δ exp /38 
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, where Δ Δ 1/ 2/ , 2 /3 2  and Δ  1 Δ . The decay time of the slow component is determined by the carrier density relaxation time and 2 
the amplitude is proportional to the Auger coefficient, which suggests that the carriers acquire the 3 
excess energy due to Auger recombination of residual carriers. The cooling became slower as a result 4 
of the Auger recombination, and it is consistent with the temporal profile observed in the ARPES 5 
measurements21–24. This slow-positive component was also observed in the previous ARPES 6 
measurement21,22. According to the solution for the carrier density in the long-time limit, Auger 7 
recombination becomes dominant at carrier densities larger than Δ 1/  , which, given 8 
the parameters of the simulation, is 3 10  cm . Therefore, we observed a prominent change in 9 
the photon energy dependence because the excited carrier density in our study was comparable with 10 
this threshold value. 11 

 12 
As a more quantitative investigation, a least-squares fitting with a double-exponential curve 13 

(6) was applied to the calculated reflectivity changes as well as the experimental reflectivity changes. 14 
The best-fitting curves are shown as the dashed lines in Fig. 6(b), and the fitting parameters, /  15 
(b1) and  (b2), are plotted in Fig. 3 (b). To determine the value of the Auger coefficient for 16 
Bi1.5Sb0.5Te1.7Se1.3, we examined /   and  for three cases: 0.5  (dashed lines),  17 
(solid lines), and 2  (dotted lines). At the higher excitation energy, /  became larger and the 18 
time-constant τ  became faster as in the experimental results. Note that as the Auger coefficient 19 
became larger, the fast-negative component became more prominent. We found that the deviation at 20 
the excitation of 0.48 eV was larger than that at other photon energy, which can probably be due to 21 
the measurement error, such as a wrong measurement of photon energy. Furthermore, we compare 22 
the experimental excitation-density dependences with the initial carrier dependence of /   23 
calculated with this model (the dotted line) in Fig. 2(b). This result reproduced the experimental 24 
behavior very well. Given these trends, we choosed  as the value of the Auger coefficient. 25 
Note that the value of the Auger coefficient for Bi . Sb . Te . Se . , 0.4 10 cm , is 26 
smaller than the values for other narrow-gap semiconductors, InSb ( 1.2 1.7 10 cm  /s31) 27 
and InAs ( 1.0 1.2 10 cm  /s30). This should be due to the difference in effective mass. 28 
Since the effective mass for Bi . Sb . Te . Se .  (electron mass: 0.32 15,20) is larger than those of 29 
InSb (electron mass: 0.015 46) and InAs (electron mass: 0.026 46), the energy conservation law 30 
is more difficult to be satisfied. 31 
 32 

In our study, the initial carrier density depended on the penetration depth, following 33 Δ 1 / , as well as on the excitation photon energy. Therefore, we should clarify 34 
whether Auger recombination at high carrier densities or excess photon energy is responsible for the 35 
remarkable decrease in reflectivity. Here, we simulated the dependence of /  on the 36 
excitation energy for various initial carrier densities. Figure 7(a) shows the results for initial carrier 37 
densities of Δ 1 10  (a1), 2 10  (a2), 4 10 (a3), and  8 10 cm (a4). As the 38 
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photon energy increased, the fast-negative component became more pronounced than the 1 
slow-positive components, but the size of this change decreased as the carrier density increased. 2 
Thus, we consider that the increase in carrier density mainly contributed to the increase in the carrier 3 
temperature. We calculated the temporal profiles in the situation where we selectively changed the 4 
excitation energy at carrier densities ranging from 10  to 10  cm . We also applied a 5 
least-squares fitting with a double-exponential curve to the temporal profiles. The photon energy 6 
dependencies of /  as a result of the fitting analysis are shown in Fig. 7(b). Here, we show 7 
again both experimental and numerical results of the excitation-energy dependence of /  8 
which have been already shown in panel b1 of Fig. 3. This figure also indicates that the size of the 9 
increase in relation to the carrier density was larger than that in relation to the photon energy.  10 
 11 
 12 

IV. Conclusion 13 

 In summary, we studied the relaxation dynamics near the band edge in an intrinsic TI 14 
material, Bi . Sb . Te . Se . , by conducting mid-IR pump-probe reflectivity measurements. We 15 
demonstrated that the temporal profile of the photo-induced reflectivity change has a nonlinear 16 
dependence on the excited carrier density, which suggests that many-body effects play an important 17 
role in the relaxation dynamics. On the basis of the excitation photon-energy dependence, we 18 
decomposed the temporal profiles into fast negative and slow positive components and concluded 19 
that these components correspond to the relaxations of carrier temperature and density by referring to 20 
the previous time-resolved measurements. Numerical solutions of the rate equations for the carrier 21 
temperature and density revealed that the Auger recombination process could be an essential 22 
relaxation process after the photo-excitation, in addition to thermalization, cooling, and population 23 
relaxation. By comparing the numerical solutions with the experimental results, we decided the 24 
Auger coefficient as 0.4 10 cm  /s. These new findings on Auger recombination point to 25 
interesting many-body physics in TI materials. 26 
 27 
 28 
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Figure Captions 1 

Fig. 1 (Color online). (a) Reflectivity spectrum  of Bi1.5Sb0.5Te1.7Se1.3 from 0.15 eV to 7.0 eV 2 
at room temperature (black solid line). The blue dashed lines show extrapolation functions. The 3 
extrapolation below 0.15 eV was made with the Drude response for a carrier density of 54 10  cm , damping constant of 3.27 meV, and high-energy dielectric constant of 19.6. The 5 
extrapolation above 7.0 eV was made with the function, /  where 3.8 eV. 6 
The inset is an enlarged view of the reflectivity spectrum between 0.15 eV and 1.2 eV. (b) 7 
Penetration depth , (c) real part ε  of dielectric function ̃ , and (d) real part σ  of 8 
optical conductivity , estimated with Kramers-Kronig analysis for  (black solid lines). 9 
The red solid lines indicate the best-fitted function to ̃  with the dielectric function of Eq. (5). 10 
The dotted lines indicate the components of the real parts of the optical conductivities decomposed 11 
into the Drude response D, the Lorentzian functions L   ( 0,1,2,3), and the interband transition I 12 
of Eq. (2). (e) Schematic diagrams of electronic dispersions of Bi1.5Sb0.5Te1.7Se1.3. As the value of the 13 
Fermi energy ( F), we used that at 300 K. 14 
 15 
Fig. 2 (Color online). (a) Temporal profiles of the reflectivity changes at excited carrier densities of 16 4.2  10  , 8.5 10 , 1.3 10 , and 1.7 10  cm  at room temperature. The dashed lines 17 
are the best-fitting functions that are convolutions of a Gaussian function with 18 
double-exponential-decay curves. The vertical solid line is the zero line of the delay time. The 19 
horizontal solid lines indicate the zero lines of the photo-induced reflectivity changes. (b) The filled 20 
squares indicate the excitation-carrier-density dependencies of /  at the excitation energy of 21 
0.61 eV. The photo-induced reflectivity was theoretically calculated as Fig. 7(a) (see the section 22 
III-E), and we obtained the numerically calculated excitation-carrier-density dependence of /  23 
(dotted line) at the excitation energy of 0.61 eV by applying the least-squares fitting to the 24 
photo-induced reflectivity. 25 
 26 
Fig. 3 (Color online). (a) Time characteristics of photo-induced reflectivity changes, Δ /  , at 27 
0.71 eV for excitations with various photon energies ((a1) 0.66, (a2) 0.60, (a3) 0.54, (a4) 0.48, (a5) 28 
0.42, (a6) 0.36 and (a7) 0.30 eV) at room temperature (open circles). The dashed lines are the 29 
best-fitting functions. The fitting function is a convolution of the intensity temporal profile of the 30 
excitation light pulse with a double-exponential-decay curve. The scales of the vertical axes were 31 
modified to make the time characteristics ofΔ /  clear. The vertical solid lines are the zero 32 
lines of the delay times. The horizontal solid lines are the zero lines of the photo-induced reflectivity 33 
changes. (b) Photon-energy dependence of the ratio of the amplitude of the fast negative component 34 
and the slow positive component, /  (panel b1) and that of the time constant of the fast 35 
negative component,  (panel b2). /  and  were determined by a least-squares fitting to 36 
the temporal profiles of /  measured in the experiment (filled circles) and theoretically 37 
calculated with the rate equations for Auger coefficients 0.5  (green dashed lines),  (black 38 
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solid lines), and 2  (orange dotted lines), where 0.4 10 cm  /s. The photo-induced 1 
reflectivity was theoretically calculated as Fig. 6(b) (see the section III-E), and we obtained the 2 
numerically calculated the excitation-energy dependence of /  (black solid lines) by applying 3 
the least-squares fitting to the photo-induced reflectivity. 4 
 5 
Fig. 4 (Color online). Schematic diagrams of subsequent relaxation processes of photo-excited 6 
carriers in the lowest conduction band (C1), the highest valence band (V1), and the surface states 7 
(SS). The possible processes are (a) photo-excitation of electron-hole pairs, (b) carrier thermalization, 8 
(c) carrier cooling due to phonon emission, (d) Auger recombination, and (e) interband scattering 9 
from C1 and V1 to SS. 10 
 11 
Fig. 5 (Color online). (a) Frequency dependence on the photo-induced reflectivity change, / , 12 
calculated at the carrier density of Δ 1  10  cm  and carrier temperatures of 800 K 13 
(red solid line) and 300 K (blue dashed line). The vertical dashed line indicates the probe energy. The 14 
horizontal solid line is the zero lines of the photo-induced reflectivity change. (b) Reflectivity 15 
spectrum  of Bi1.5Sb0.5Te1.7Se1.3 from 0.3 eV to 1.0 eV at room temperature (black solid line). 16 
 17 
Fig. 6 (Color online). Temporal profiles of photo-induced reflectivity changes, / , 18 
calculated with rate equations for the carrier density, Eq. (7) and for the carrier temperature, Eq. (8) 19 
at 0  (a) and  ( 0.4 10 cm  /s ) (b) after photo-excitations of various 20 
frequencies ((a1, b1) 0.66, (a2, b2) 0.60, (a3, b3) 0.54, (a4, b4) 0.48, (a5, b5) 0.42, (a6, b6) 0.36 and 21 
(a7, b7) 0.30 eV). The dashed lines are their best-fitting functions using a convolution of a Gaussian 22 
function with a double-exponential-decay curve. The scales of the vertical axes were modified to 23 
make the time characteristics of Δ /  clear. Temporal profiles of density (c1, d1) and 24 
temperature (c2, d2) calculated with the rate equations at 0 (c) and  (d). The vertical 25 
solid lines are the zero lines of the delay times. The horizontal solid lines in Fig. 6 (a) and (b) are the 26 
zero lines of the photo-induced reflectivity changes. The dotted horizontal lines in Fig. 6 (c) and (d) 27 
indicate the noise levels estimated from the signal-to-noise ratio of the reflectivity changes. 28 
 29 
Fig. 7 (Color online). (a) Temporal profiles of photo-induced reflectivity changes, / , 30 
calculated in the situation where the excitation energy was selectively changed at the excitation 31 
energies of 0.36 eV (blue lines), 0.48 eV (green lines), and 0.66 eV (red lines) and the excited carrier 32 
density was fixed to 1 10  (a1), 2 10  (a2), 4 10  (a3), or 8 10 cm  (a4). 33 
The vertical solid lines are the zero lines of the delay times. (b) Excitation-energy dependencies of 34 /  calculated at fixed excited carrier densities in the range 1 10 10 10  cm  35 
(solid lines). The filled circles and dashed line respectively indicate the excitation-energy 36 
dependencies of /  estimated from the experimental observations and calculated under the 37 
same conditions as in the experiment. The filled circles and dashed line are the same as those shown 38 
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in panel (b1) of Fig.3. 1 
 2 

Table Captions 3 

Table I. Corrections to the values of parameters for the electronic dispersions C1 and V1 of 4 
Bi1.5Sb0.5Te1.7Se1.3.  5 
 6 
Table II. Corrections to the values of parameters for the electronic transitions concerning peaks I, D, 7 
L0, L1, L2, and L3. 8 
 9 
  10 
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Fig. 1 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

Y. Onishi et al. 12 

13 



24 
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Fig. 6 1 
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Fig. 7 1 
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Table I. 1 

 2 

 3 

 4 

 5 

 6 

Parameters Electron (e) Hole (h) , /  0.32 0.30  nm  0 1.10  eV  0.05 0.03  eV nm  0.04 0.03 

 7 
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Table II. 1 

 2 

 3 

 4 

Band Parameters Values 

I I (eV) 0.10 CV (keV/c) 0.53 

D 
ωP (meV) 32.7 D (meV) 3.27 

L0 
 (eV) 0.37 
 (eV) 0.12 

 7.5 10  

L1 
 (eV) 1.18 
 (eV) 0.89 

 0.44 

L2 
 (eV) 1.82 
 (eV) 1.84 

 0.95 

L3 
 (eV) 3.13 
 (eV) 1.97 

 0.73 

 5 

 6 

 7 

 8 
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