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Summary of thesis: Nonequilibrium Carrier Dynamics 

 in Topological Insulators 

 

Yoshito Onishi 

 

In three-dimensional topological insulators (3DTI), nontrivial topology in the bulk 

insulating state results in the surface electronic state that follows the massless Dirac 

equation with the spin state locked by the momentum direction. Carrier dynamics in 

3DTIs have great significance for the understanding of the transport properties. 

Furthermore, optically excited Dirac fermions provide a useful platform to clarify the 

nonequilibrium dynamics of relativistic particles interacting with electromagnetic 

field. So far, to clarify the electric-field response of carriers in 3DTIs, the charge 

current induced by optical excitations has been measured with two-terminal sensing. 

While the photocurrent has been attracting great interests in nonequilibrium carrier 

dynamics, there still remain open questions on the mechanism of the photocurrent. 

Since the photocurrent has been detected with time-integrated techniques, 

time-resolved measurements of the photocurrent are necessary for understanding the 

transient dynamics of the photocurrent. On the other hand, the picosecond dynamics 

of nonequilibrium carriers in 3DTI have been studied extensively by the 

time-resolved optical spectroscopies and time- and angle-resolved photoemission 

spectroscopies. In these experiments, a typical photo-induced carrier density was 

1019 − 1020 cm−3, where many-body effects such as Auger recombination should 

play an important role in the ultrafast relaxation process. A systematic time-resolved 

study with the carrier density dependence has been awaited for understanding of the 

main relaxation channel of photoexcited carriers and the origin of photocurrents in 

3DTI. 

In the thesis, to elucidate the nonequilibrium dynamics of photoexcited carriers in 

3DTI, the author performed two kinds of time-resolved optical studies in 

Bi1.5Sb0.5Te1.7Se1.3. First, to clarify photocurrents in picosecond time-scale, the author 

applied the terahertz (THz) emission spectroscopy. THz emission spectroscopy is a 

powerful tool to measure the transient current in the sample induced by the femtosecond 

pulse excitation and to elucidate the current dynamics in solids. Next, the author studied 

the relaxation dynamics near the band edge in order to determine whether the hot carrier 

distribution originates from the excess energy supplied by the light excitation or from 

Auger recombination. In the previous research, the excitation energy (1.5 eV) was much 

higher than the bulk band-gap energy (~ 0.3 eV), and hence the dominant phenomenon 



contributing to hot carriers was the large excess energy, not Auger recombination. In 

order to suppress the excess energy, the author conducted mid-infrared pump-probe 

reflectivity measurements. Here in order to obtain sufficiently strong signals even from 

such low-density excitations, we used the bulk-insulating 3DTI, Bi1.5Sb0.5Te1.7Se1.3.  

  In the first part of the thesis, the author reports the observation of THz emissions 

produced by the photocurrent in Bi1.5Sb0.5Te1.7Se1.3 under the illumination of 

femtosecond pulses with each polarization state including linear or circular polarization.  

The emitted THz field depends on the direction of the incident linear polarization, and 

we extracted the linear-polarization-sensitive component with the dependence of the 

THz field on the incident polarization. We found that the linear-polarization-sensitive 

component is linearly polarized and its polarized direction strongly depends on the 

crystal angle. Furthermore, on the basis of the dependence on the excitation incident 

angle and the excitation intensity, phenomenological tensor analysis reveals that the 

photocurrent originates from the photon drag effect. The time-domain analysis of the 

emitted THz waveforms indicates that the photocurrent flows instantaneously after light 

illumination. These results indicate that the illumination of femtosecond pulses induces 

the instantaneous photon drag current in 3DTI. 

In the second part of the thesis, the author reports mid-infrared pump-probe 

measurements in Bi1.5Sb0.5Te1.7Se1.3. Nonequilibrium carriers were selectively excited 

with mid-infrared optical pulse near band gap energy in the range of 0.30-0.60 eV, and 

the temporal profiles of the photoinduced reflectivity changes around 0.7 eV were 

measured by the pump-probe method (time resolution: 100 fs). The probe energy was 

higher than the excitation energy, which enabled us to monitor the change in the 

population of hot carriers. We found that the temporal profiles of the photo-induced 

reflectivity changes have nonlinear dependence on the excited carrier density at carrier 

densities higher than 10
18

 cm
-3

.
 
In addition, with the dependence on the excitation 

photon energy and a qualitative analysis using rate equations, the author concludes that 

Auger recombination is the main cause of the population relaxation at carrier densities 

higher than 10
18

 cm
-3

, and that the author determined the Auger coefficient for 

Bi1.5Sb0.5Te1.7Se1.3 as 𝐶 = 0.4 × 10−26cm6 /s.  

Finally, the author summarizes ultrafast carrier dynamics in 3DTIs after optical 

excitations. In the very beginning of the dynamics, the induced photon drag current 

relaxes instantaneously due to a strong momentum scattering process. Subsequently, 

thermalized hot carriers cool down within a few picoseconds. We elucidated that after 

cooling process, the main population-relaxation process at carrier densities higher than 

10
18

 cm
-3

 is the Auger recombination in addition to the interband scattering. 




