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The spin-splitting energy bands induced by the relativistic spin-orbit interaction in 

solids provide a new opportunity to manipulate the spin-polarized electrons on the 

sub-picosecond time scale. Here, we report one such example in a bulk Rashba-type 

polar semiconductor BiTeBr. Strong terahertz electromagnetic waves are emitted after 

the resonant excitation of the interband transition between the Rashba-type 

spin-splitting energy bands with a femtosecond laser pulse circularly polarized. The 

phase of the emitted terahertz waves is reversed by switching the circular polarization. 

This suggests that the observed terahertz radiation originates from the subpicosecond 

spin-polarized photocurrents, which are generated by the asymmetric depopulation of 

the Dirac state. Our result provides a new way for the current-induced terahertz 

radiation and its phase control by the circular polarization of incident light without 

external electric fields.    
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A helical Dirac cone realized in the surface state of topological insulators provides a 

new platform to study the spin-dependent light-matter interaction and also to fabricate 

spin-dependent optical devices [1]. For example, it is possible to selectively excite 

momentum-dependent spin-polarized Dirac electrons via spin-flipping process by an 

irradiation of a circularly polarized light so as to satisfy the optical selection-rule based 

upon the conservation of energy and angular-momentum [2]. Such a photoexcitation 

results in the asymmetric depopulation of the Dirac cone in the momentum space and 

thus the spin-polarized electrical currents are generated. This is known as the circular 

photogalvanic effect, which was originally found in a noncentrosymmetric gyrotoropic 

medium [3] and is now observed in a two-dimensional quantum well [4-6] and a 

voltage-biased nanowire [7].  

The photocurrent ࡶCPGE originating from the circular photogalvanic effect can be 

expressed as ࡶCPGE ן  ଶ.                                                             ሺ1ሻܧേߪොࢋߛ

Here, ߛ  is a second-rank tensor introduced by the Rashba Dresselhaus spin-orbit 

interaction, ࢋො is a unit vector parallel to both the plane of incidence and the sample 

surface, ߪേ ሺൌ േ1ሻ is the helicity of a circularly polarized light, and ܧ is the electric 

field of light [2]. In a topological insulator of Bi2Se3, ࡶCPGE generated by an irradiation 

of a circularly polarized light was measured using a femtosecond laser pulse [8,9] and a 

continuous wave (cw) laser light [8] as excitation sources. Transient photocurrents can 

also be detected by the radiation measurement, since time-dependent currents generate 

electromagnetic waves via the electric-dipole radiation mechanism, which is expressed 

by 
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TH୸ࡱ                      ן ݐ߲߲    ሺ2ሻ                                                 . ࡶ 

Here, ࡱTH୸  is the radiated electric field and ࡶ is the time-dependent current. 

Frequencies of such radiated electromagnetic waves are usually located in the terahertz 

region, so that this process is used as a typical method of terahertz radiation in 

semiconductors, e.g., in narrow-gap semiconductors such as InAs and InSb [10], and in 

voltage-biased photoswitching devices made on low-temperature-grown GaAs. In 

various topological insulators such as Bi2Se3 [9, 11-14], Cu-doped Bi2Se3 [11, 14], 

Ca-doped Bi2Se3 [15], and Bi1.5Sb0.5Te1.7Se1.3 [16] and graphene [17-19], light-induced 

terahertz radiations have also been observed. In those materials, however, a 

spin-polarized photocurrent originating from the asymmetric depopulation of the Dirac 

cone or equivalently the circular photogalvanic effect is excluded as an origin of the 

terahertz radiation. If a terahertz radiation is caused by the circular photogalvanic effect, 

the phase of the terahertz electromagnetic field can be controlled by the choice of the 

helicity of circular polarization without external electric fields. To achieve such an all 

optical control of terahertz radiation, we focus on a Rashba-type polar compound, 

BiTeBr, which is nonmagnetic (n-type) semiconductor. 

Figure 1(a) shows the crystal structure of BiTeBr. The crystal system is trigonal and 

the space group is P3m1 (point group is C3v). Three kinds of constituent ions, Bi3+, Te2-, 

and Br-, respectively form plane units, which are stacked along the [001]-direction. 

Such a layered stacking of different planes breaks the space-inversion symmetry. In 

BiTeBr, it was reported that large spin-splitting bands with the splitting energy ܧୱ୮୪୧୲ of 

∼0.1 eV appear by the Rashba-type spin-orbit interaction of Bi ions [20]. The shift of 

the conduction band minima ݇୫୧୬ from the A point in the Brillouin zone is estimated 

to be ∼±0.043 Å-1 [20]. The splitting bands with helical spins in BiTeBr are 



4 

 

schematically shown in Fig. 1(b) and the helical spin textures at the Fermi-surface in the 

momentum space are illustrated in Fig. 1(c). 

In the present study, we investigated the terahertz radiation from BiTeBr by the 

irradiation of a femtosecond laser pulse. We found that the phase of the radiated 

terahertz wave is inverted when the helicity of a circularly polarized light is switched, 

suggesting that the terahertz radiation originates from the asymmetric depopulation of 

the Dirac state. From the results of the terahertz electric-field waveforms as functions of 

polarization, fluence, and photon energy of the incident femtosecond laser pulse, we 

discuss the terahertz-radiation mechanism in detail. 

 [001]-oriented single crystals of BiTeBr were grown by the Bridgman method, 

details of which were reported elsewhere [21]. The flesh (001)-surface was obtained by 

cleaving an as-grown single crystal with the scotch tape. In the terahertz radiation 

experiments, we used as an excitation source an optical parametric amplifier (OPA) 

pumped by an output of a Ti: sapphire regenerative amplifier (the photon energy of 1.55 

eV, the pulse width of 130 fs, and the repetition rate of 1 kHz). The OPA generates a 

femtosecond laser pulse in the near-infrared region (0.5−1 eV), which is polarized 

horizontally for 0.5－0.78 eV and vertically for 0.78－1 eV. Figure 2(a) shows the 

schematic of the experimental setup with the laboratory coordinate (XYZ). The plane of 

incidence is parallel to the [010] direction and the femtosecond laser pulse is introduced 

to the sample with an incident angle of 45° to the surface normal. The polarization of an 

incident femtosecond laser pulse is controlled by changing the angle θ of an quarter 

waveplate; θ is defined as an angle of the fast axis in the quarter waveplate relative to 

the horizontal axis. For 0.5－0.78 eV (0.78－1 eV), the right- and left-handed circularly 

polarized light are obtained for θ = 45° or 225° (135° or 315°) and θ = 135° or 315° 

(45° or 225°), respectively. On the other hand, for 0.5－0.78 eV (0.78－1 eV), the 
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linearly polarized light along the X-direction (Y-direction) or equivalently the 

p-polarized (s-polarized) light is obtained for θ = 0° , 90°, 180°, and 270°. The terahertz 

radiation is measured in a reflection geometry [Fig. 2(a)]. Unless otherwise stated, we 

detected the emitted terahertz wave by a standard electro-optic (EO) sampling with an 

[110]-oriented 1mm-thick ZnTe crystal. By using terahertz radiation imaging [22-26], 

we confirmed that the BiTeBr crystal used in the present study has a polar 

single-domain structure. The result of the domain imaging is reported in the 

Supplemental Material [27]. All the experiments were performed at room temperature. 

In the presence of the Rashba effect with a lack of space-inversion symmetry, ߛ in 

Eq. (1) is expressed as ߛ ൌ  ቀ0 െߙߙ 0 ቁ                                                                  ሺ3ሻ. 
Here, ߙ is a Rashba parameter [2]. By taking into account our experimental setup, in 

which the plane of incidence includes the [001] direction of the sample, ࡶCPGE flows 

along the Y-direction [Fig. 2(a)]. This is because ࢋො  directs to the X-direction. 

According to Eq. (2), an irradiation of a circularly polarized femtosecond pulse results 

in the emission of terahertz waves polarized along the Y-direction. Thus, we aimed to 

detect the Y-direction component of the terahertz wave by using a wire-grid polarizer 

placed in front of the ZnTe detector.  

Figure 2(b) shows the electric-field waveforms ܧTH୸ሺݐሻ of the terahertz radiations 

observed for the excitations with right- and left-handed circularly polarized light pulses. 

The photon energy and the fluence of the circularly polarized light pulses are 0.68 eV 

and 0.17 mJ/cm2, respectively. The time origin ݐ ൌ 0 is set at the time when the 

absolute values of electric-field amplitudes |ܧTH୸ሺݐሻ|  are maxima. A nearly 

single-cycle electric-field with the temporal width of ∼1 ps is observed in each circular 
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polarization, while its phase is inverted to each other [red and blue lines in Fig. 2(b)]. 

In the upper two panels of Fig. 2(c), we show the corresponding Fourier power spectra, 

in which the central frequency is 1.0 THz and the spectra expand up to ∼2 THz. We also 

observed the terahertz radiation by the irradiation of a p-polarized pulse. The 

electric-field waveform and its Fourier power spectrum are shown by green lines in Figs. 

2(b) and 2(c), respectively, which are almost identical to those of the terahertz 

radiations induced by the circularly polarized lights, while its central frequency is 1.1 

THz and its relative intensity is much smaller.   

We next measured the excitation-fluence (Iex) dependence of ܧTH୸ሺݐሻ, when the 

circularly polarized light is irradiated. Figure 3(a) shows the magnitudes of ܧTH୸ሺݐሻ at 

the time origin, ܧTH୸ሺ0ሻ, the absolute values of which linearly increase with increasing 

Iex up to 0.34 mJ/cm2, and then slightly saturate. Considering these results, we measured 

all the other data in the condition that ܧTH୸ሺ0ሻ ן ܫୣ ୶. 

Since the sign of the electric-field amplitude is reversed by the switching of the 

helicity of the incident circularly polarized pulse, the observed terahertz radiation 

cannot be ascribed to the photo-Dember effect nor the optical rectification, but is 

attributable to the circular photogalvanic effect. To ascertain this interpretation, we 

measured the dependence of ܧTH୸ሺݐ) on the degree of circular polarization of the 

incident light pulse (0.68 eV), which can be controlled using quarter-waveplate-angle 

(θ ) [Fig. 2(a)]. Assuming the simple circular photogalvanic effect, ܧTH୸ሺ0ሻ  is 

expected to follow sin2ߠ . Such a sin2ߠ -dependnece is reported in the previous 

photoconductivity measurements in BiTeBr [28]. The θ െdependence of ܧTH୸ሺ0) is 

displayed by open circles in Fig. 4. The polarizations of the incident pulse at typical θ 

values are illustrated in the upper part in the figure. As can be seen, ܧTH୸ሺ0) reaches 

the maxima (minima) at θ ൌ 50° and 230° (θ ൌ 120° and 305°), which are roughly 
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equal to the angles θ ൌ 45° and 225° (θ ൌ 135° and 315°) corresponding to the 

right-handed (left-handed) circularly polarized lights. Thus, when the helicity of the 

circularly polarized light is changed the amplitude of the terahertz radiation almost 

follows sin2ߠ.  

More strictly, the observed θ-dependence of ܧTH୸ሺ0) is slightly asymmetric and not 

completely reproduced by sin2ߠ. This makes us expect the presence of some additional 

effects. Considering that the terahertz radiations are also caused by the linearly 

polarized pulse [Fig. 2(b)], a plausible candidate is the linear galvanic effect, in which 

the effective photocurrent flows along the Y-direction without applying the electric field 

due to the asymmetric scattering of the free carriers in the k-space [29,30]. The 

θ െdependence of ܧTH୸ሺ0ሻ for the linear photogalvanic effect is expected to be sin 4ߠ. 

Using ܣ sin2ߠ ൅ ܤ sin ߠ4 , the observed ߠ െ dependence of ܧTH୸ሺ0ሻ  is well 

reproduced with parameter ܤ/ܣ ൌ 5.5 as shown in the purple solid line in Fig. 4. Two 

components, ܣ sin2ߠ  and ܤ sin  ,are also shown by blue and pink solid lines ,ߠ4

respectively. The success of the fitting suggests that the observed terahertz radiation is 

attributed to the combination of the circular and linear photogalvanic effects.  

The circular photogalvanic effect can also be ascertained by changing the photon 

energy ୣܧ୶ of the incident pulse. Figure 3(b) shows the ୣܧ୶ െdependence of ܧTH୸ሺ0ሻ, 

which is normalized by the photon number of the incident pulse. ܧTH୸ሺ0ሻ starts to 

increase at 0.5 eV, which accords with the edge of the interband transition from the 

Te-5p band to the Bi-6p band [Fig. 1(b)] [20, 30]. Below 0.5 eV, weak absorptions 

due to the intraband transition exist, which originates from electron carriers introduced 

in as-grown single crystals due to non-stoichiometry [30]. However ܧTH୸ሺ0ሻ is 

negligibly small below 0.5 eV, being consistent with the interpretation by the circular 

photogalvanic effect. This result also rules out the spin-independent photon-drag effect 
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[12, 16], since it usually occurs via the intraband transition. ܧTH୸ሺ0ሻ reaches the 

maxima at 0.7 eV and finally decreases with increasing the photon energy. The similar 

tendency was observed in the previous photoconductivity measurements in BiTeBr [28]. 

For the higher photon energies above 0.7 eV, two kinds of optical transitions can occur 

in the positive and negative momentum (k) spaces with large |࢑| . In this case, 

photoelectrons with opposite group velocities are simultaneously generated [28]. It 

results in the cancellation of the photocurrents and the reduction of ܧTH୸ሺ0ሻ. Thus, we 

conclude that the terahertz radiation by the circular polarized pulse in BiTeBr can be 

attributed to the generation of the spin-polarized photocurrents, which is realized in the 

asymmetric depopulation of the Dirac state in the subpicosecond time scale.  

In narrow-gap semiconductors, the photo-Dember effect is sometimes important as a 

mechanism of terahertz radiations. However, in our experimental condition in Fig. 2(a) 

in which the Y-polarized component of the terahertz radiation is detected, no terahertz 

radiation via the photo-Dember effect is detected from the following reason. In general, 

a surface electric field responsible for the photo-Dember effect is produced along the 

direction perpendicular to the sample surface. When a light is incident to the sample, 

photocurrents might be generated along the direction normal to the crystal surface and 

the resultant terahertz radiation is polarized along the Z-direction, which cannot be 

detected as the Y-polarized terahertz radiation but can be detected as the X-polarized one 

in the case of the incident angle of 45° [Fig. 2(a)] (the Supplemental Material [27]).   

The optical rectification is another general mechanism for the terahertz radiation in 

non-centrosymmetric media such as ZnTe [31]. In our results of BiTeBr, a possibility of 

the terahertz radiation by circularly and linearly polarized lights via the optical 

rectification can be excluded from the excitation photon-energy dependence. The details 

are reported in the Supplemental Material [27].  
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Finally, we discuss the efficiency of the observed terahertz radiation. For this 

purpose, it is effective to compare the magnitudes of the Y-polarized terahertz radiation 

generated by circularly polarized light with that of the X-polarized one generated by the 

linearly polarized light; the former and the latter originate from the circular 

photogalvanic effect and from the photo-Dember effect, respectively (the Supplemental 

Material [27]). The result revealed that the amplitude of the terahertz electric field 

emitted via the circular photogalvanic effect is approximately 3 times as large as that via 

the photo-Dember effect. The strong terahertz radiation of the former is attributable to 

the fact that the asymmetric depopulation of the Dirac state can be induced in a finite 

range of the k space by the irradiation of circularly polarized light, since the up-spin 

(down-spin) conduction band and the down-spin (up-spin) valence band shift to the 

opposite k directions in BiTeBr as shown in Fig. 1(b).. Thus, our work highlights the 

importance of the spin-splitting bands in Rashba-type polar semiconductors for the 

terahertz radiation originating from the spin-polarized photocurrents. Using this 

phenomenon, the phase of the radiated terahertz waves can be controlled by switching 

the circular polarization of the incident light without external electric fields. This is a 

new method for the phase control of terahertz waves, which will be useful in various 

ways such as sensing, imaging, and spectroscopy. 

In summary, we detected the terahertz radiation in a bulk Rashba-type polar 

semiconductor, BiTeBr, by an irradiation of a femtosecond laser pulse. The phase of the 

terahertz electric field is reversed by switching the helicity of circular polarization of the 

incident pulse. The dependence of the amplitude and phase of the terahertz electric field 

on the polarization, fluence, and photon energy of the incident pulse reveals that the 

observed radiation is caused by the subpicosecond spin-polarized photocurrents 

originating from the asymmetric depopulation of the Dirac cone induced by a circularly 
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polarized laser pulse. These results provide a new method to generate the 

current-induced terahertz radiation, the phase of which can be controlled without 

external electric fields. 

  

This work was partly supported by a Grant-in-Aid by MEXT (No. 25247058, 

25600072, 15K13330, and 16H03847) and CREST (JPMJCR1661 and PMJCR16F2), 

Japan Science and Technology Agency. Y. K. was supported by Japan Society for the 

Promotion of Science (JSPS) through Program for Leading Graduate Schools (MERIT) 

and JSPS Research Fellowships for Young Scientists. 

 

References  

[1] M. Z. Hasan and C. L. Kane, Topological insulators. Rev. Mod. Phys. 82, 3045 

(2010). 

[2] P. Hosur, Circular photogalvanic effect on topological insulator surfaces: 

Berry-curvature-dependent response. Phys. Rev. B 83, 035309 (2011). 

[3] V. M. Asnin, A.A. Bakun, A.M. Danishevskii, E.L. Ivchenko, G.E. Pikus, and A.A. 

Rogachev, “Circular” photogalvanic effect in optically active crystals. Solid State 

Commun. 30, 565 (1979).  

[4] S. D. Ganichev, E. L. Ivchenko, V. V. Bel'kov, S. A. Tarasenko, M. Sollinger, D. 

Weiss, W. Wegscheider and W. Prettl, Spin-galvanic effect. Nature (London) 417, 

153 (2002). 

[5] V. V. Bel'kov, S. D. Ganichev, P. Schneider, C. Back, M. Oestreich, J. Rudolph, D. 

Hägele, L. E. Golub, W. Wegscheider, and W. Prettl, Circular photogalvanic 

effect at inter-band excitation in semiconductor quantum wells. Solid State 

Commun. 128, 283-286 (2003). 



11 

 

[6] S. D. Ganichev, V. V. Bel'kov, P. Schneider, E. L. Ivchenko, S. A. Tarasenko, W. 

Wegscheider, D. Weiss, D. Schuh, E. V. Beregulin, and W. Prettl, Resonant 

inversion of the circular photogalvanic effect in n-doped quantum wells. Phys. 

Rev. B 68, 035319 (2003). 

[7] S. Dhara, E. J. Mele, and R. Agarwal, Voltage-tunable circular photogalvanic effect 

in silicon nanowires. Science 349, 726 (2015).  

[8] J. W. Mclver, D. Hsieh, H. Steinberg, P. Jarillo-Herrero, and N. Gedik, Control over 

topological insulator photocurrents with light polarization, Nature Nanotech. 7, 96 

(2012). 

[9] C. Kastl, C. Karnetzky, H. Karl, and A. W. Holleitner, Ultrafast helicity control of 

surface currents in topological insulators with near-unity fidelity. Nature Commun. 

6, 6617 (2015). 

[10] M. Tonouchi, Cutting-edge terahertz technology, Nat. Photonics 1, 97 (2007). 

[11] C. W. Luo, H.-J. Chen, C. M. Tu, C. C. Lee, S. A. Ku, W. Y. Tzeng, T. T. Yeh, M. 

C. Chiang, H. J. Wang, W. C. Chu, J.-Y. Lin, K. H. Wu, J. Y. Juang, T. 

Kobayashi, C.-M. Cheng, C.-H. Chen, K.-D. Tsuei, H. Berger, R. Sankar, F. C. 

Chou, and H. D. Yang, THz generation and detection on Dirac fermions in 

topological insulators. Adv. Opt. Mater. 1, 804 (2013). 

[12] S. Y. Hamh, S.-H. Park, S.-K. Jerng, J. H. Jeon, S.-H. Chun, and J. S. Lee, 

Helicity-dependent photocurrent in Bi2Se3 thin film probed by terahertz emission 

spectroscopy. Phys. Rev. B 94, 161405(R) (2016).  

[13] L-G. Zhu, B. Kubera, K. F. Mak, and J. Shan, Effect of surface states on terahertz 

emission from the Bi2Se3 surface. Sci. Rep. 5, 10308 (2015). 

[14] C-M. Tu, T.-T. Yeh, W.-Y. Tzeng, Y.-R. Chen, H.-J. Chen, S.-A. Ku, C.-W. Luo, 

J.-Y. Lin, K.-H. Wu, J.-Y. Juang, T. Kobayashi, C.-M. Cheng, K.-D. Tsuei, H. 



12 

 

Berger, R. Sankar, and F.-C. Chou, Manifestation of a second Dirac surface state 

and bulk bands in THz radiation from topological insulators. Sci. Rep. 5, 14128 

(2015). 

[15] L. Braun G. Mussler, A. Hruban, M. Konczykowski, T. Schumann, M. Wolf, M. 

Münzenberg, L. Perfetti, and T. Kampfrath,, Ultrafast photocurrents at the surface 

of the three-dimensional topological insulator Bi2Se3. Nature Commun. 7, 13259 

(2016). 

[16] Y. Onishi, Z. Ren, M. Novak, K. Segawa, Y. Ando, and K. Tanaka, Instaneous 

photon drag currents in topological insulators. arXiv 1403.2492. 

[17] D. Sun, C. Divin, J. Rioux, J. E. Sipe, C. Berger, W. A. de Heer, P. N. First, and T. 

B. Norris, Coherent control of ballistic photocurrents in multilayer epitaxial 

graphene using quantum interference, Nano Lett. 10, 1293-1296 (2010). 

[18] J. Maysonnave, S. Huppert, F. Wang, S. Maero, C. Berger, W. de Heer, T. B. 

Norris, L. A. De Vaulchier, S. Dhillon, J. Tignon, R. Ferreir, and J. Mangeney, 

Terahertz generation by dynamical photon drag effect in graphene excited by 

femtosecond optical pulses, Nano Lett. 14, 5797-5802 (2014). 

[19] Petr A. Obraztsov, N. Kanda, K. Konishi, M. Kuwata-Gonokami, S. V. Garnov, A. 

N. Obraztsov, and Y. P. Svirko, Photon-drag-induced terahertz emission from 

graphene, Phys. Rev. B 90, 241416(R) (2014). 

[20] M. Sakano, M. S. Bahramy, A. Katayama, T. Shimojima, H. Murakawa, Y. 

Kaneko, W. Malaeb, S. Shin, K. Ono, H. Kumigashira, R. Arita, N. Nagaosa, H. 

Y. Hwang, Y. Tokura, and K. Ishizaka, Strongly spin-orbit coupled 

two-dimensional electron gas emerging near the surface of polar semiconductors. 

Phys. Rev. Lett. 110, 107204 (2013). 



13 

 

[21] M. Kanou and T. Sasagawa, Crystal growth and electronic properties of a 3D 

Rashba material, BiTeI, with adjusted carrier concentration, J. Phys.: Condens. 

Matter 25, 135801 (2013). 

[22] M. Sotome, N. Kida, S. Horiuchi, and H. Okamoto, Visualization of ferroelectric 

domains in a hydrogen-bonded molecular crystal using emission of terahertz 

radiation, Appl. Phys. Lett. 105, 041101 (2014). 

[23] Y. Kinoshita, N. Kida, M. Sotome, R. Takeda, N. Abe,  M. Saito, T. Arima, and H. 

Okamoto, Visualization of ferroelectric domains in boracite using emission of 

terahertz radiation, Jpn. J. Appl. Phys. 53, 09PD08 (2014). 

[24] M. Sotome, N. Kida, S. Horiuchi, and H. Okamoto, Terahertz radiation imaging of 

ferroelectric domain topography in room-temperature hydrogen-bonded 

supramolecular ferroelectrics, ACS Photonics 2, 1373-1383 (2015). 

[25] M. Sotome, N. Kida, Y. Kinoshita, H. Yamakawa, T. Miyamoto, H. Mori, and H. 

Okamoto, Visualization of a nonlinear conducting path in an organic molecular 

ferroelectric by using emission of terahertz radiation, Phys. Rev. B 95, 241102(R) 

(2017). 

[26] Y. Kinoshita, N. Kida, M. Sotome, T. Miyamoto, Y. Iguchi, Y. Onose, and H. 

Okamoto, Terahertz radiation by subpicosecond magnetization modulation in the 

ferrimagnet LiFe5O8, ACS Photonics 3, 1170-1175 (2016). 

[27] See, supplementary information for domain structure in BiTeBr, terahertz radiation 

by photo-Dember effect, and possibility of the terahertz radiation by optical 

rectification. 

[28] N. Ogawa, M. S. Bahramy, Y. Kaneko, and Y. Tokura, Photocontrol of Dirac 

electrons in a bulk Rashba semiconductor, Phys. Rev. B 90, 125122 (2014). 



14 

 

[29] S. D. Ganichev and W. Prettl, Spin photocurrents in quantum wells, J. Phys. 

Condens. Mat. 15, R935-R983 (2003). 

[30] P. Olbrich, L.�E. Golub, T. Herrmann, S.�N. Danilov, H. Plank, V.�V. Bel’kov, 

G. Mussler, Ch. Weyrich, C.�M. Schneider, J. Kampmeier, D. Grützmacher, L. 

Plucinski, M. Eschbach, and S.�D. Ganichev, Room-temperature high-frequency 

transport of Dirac fermions in epitaxially grown Sb2Te3- and Bi2Te3-based 

topological insulators, Phys. Rev. Lett. 113, 096601 (2014). 

[31] A. Akrap, J. Teyssier, A. Magrez, P. Bugnon, H. Berger, A. B. Kuzmenko, and D. 

van der Marel, Optical properties of BiTeBr and BiTeCl, Phys. Rev. B 90, 

035201 (2014). 

[32] M. Bass, P. A. Franken, and J. F. Ward, and G. Weinreich, Optical rectification, 

Phys. Rev. Lett. 9, 446-448 (1962). 

  



15

 
 

FIG. 1. (a) Crystal structure of BiTeBr with lack of space-inversion symmetry along the 

[001] direction. (b) Spin-polarized conduction and valance bands by the Rashba-type 

spin-orbit coupling. (c) Helical spin texture at the Fermi-surface. 
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FIG. 2. (a) Schematic of the experimental setup. The polarization state of an incident 

femtosecond laser pulse was changed by a quarter waveplate. (b) Terahertz waveforms 

by the irradiation of a femtosecond laser pulse with the right-handed (RH) circular 

polarization (the red line), the left-handed (LH) circular polarization (the blue line), and 

the linear (p) polarization (the green line). (c) Intensity power spectra obtained by the 

Fourier transformation of the electric-field waveforms shown in (b). 
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FIG. 3. (a) Excitation fluence (Iex) and (b) excitation photon-energy (Eex) dependence of 

the electric-field amplitudes ETHz(0) of the terahertz radiations generated by the 

femtosecond laser pulse with the right-handed circular polarization (red circles) and the 

left-handed circular polarization (blue circles). The solid lines in (a) indicate the linear 

relation between ETHz(0) and Iex. 
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FIG. 4. Quarter-waveplate-angle (θ) dependence of the electric-field amplitudes ETHz(0) 

of the terahertz radiations at the time origin (open circles). Typical polarization states of 

the incident femtosecond laser pulse are shown by the upper part in the figure. The pink 

and orange lines show sin2θ and sin4θ terms in Eq. (3), which originate from the 

circular and linear photogalvanic effects, respectively (see the text). The fitting of Eq. 

(3) to the experimental ETHz(0) values is shown by the purple line. 

 


