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Abstract: In this study, we demonstrate the switching of the direction of the photocurrent
in an n-type GaAs/Al0.3Ga0.7As modulation-doped quantum well using a polarization pulse-
shaping apparatus containing a 4 f setup. The right- and left- polarization-twisting pulses with a
polarization rotation frequency in the THz-regime are incident on a modulation-doped quantum
well. The results show that the sign of the photovoltage is dependent on the direction of rotation
of the polarization-twisting pulses, which can be explained by the circular photogalvanic effect
combined with the production of a classical edge photocurrent from the acceleration of free
electrons in the vicinity of the sample edge by the incident optical electric field. The wide range
over which the polarization-rotation frequency may be tuned makes this method a powerful tool
to investigate the response of an extensive variety of materials in the THz-regime.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Manipulating the polarization and waveform of the electromagnetic field of optical pulses has
attracted significant attention as a method of controlling electronic states and specific vibrational
modes of matter. Recently developed pulse shaping methods enable us to control temporal
evolution of the amplitude and direction of the electromagnetic field vectors in a prescribed
manner [1–3]. Despite their potential wide applicability to investigations of molecules, dielectrics,
and metals, investigations of properties of solid state materials using vector shaped pulses remain
in an initial stage. Here we demonstrate that the arbitrary control of the electromagnetic field is
indeed a powerful tool to control the motion of the electrons in semiconductors.
In contrast to the high controllability of electromagnetic fields, controlling the angular

momentum of electrons in nonmagnetic semiconductors has witnessed limited success. In
one attempt, the circularly polarized terahertz waves were used to optically control the angular
momentum of electrons in semiconductors. In this approach, the circular polarization of the
incident THzwave changed the direction of the photocurrent induced by the circular photogalvanic
effect [4–6]. In addition, the asymmetric scattering of the carriers by an incident oscillating
electric field allows the direction of the photocurrent along the sample edge to be controlled by
an incident circular-polarized THz wave [7]. However, these experiments used laboratory THz
sources with limited frequency ranges. For example, the frequency range of a transversely excited
atmospheric-pressure-CO2 laser is typically from 27 to 33 THz [5], and an optically pumped
molecular gas laser using NH3, CH3F, and D2O has discrete lines from 1 to 25 THz [8]. In THz
wave generation by optical rectification, the tunability of the THz radiation is only limited by the
phase-matching condition imposed by noncollinear interactions inside a nonlinear crystal [9] and
the bandwidth of the fs laser spectrum.

Polarization pulse shaping uses a 4 f set-up and spatial lightmodulators (SLMs) to independently
control the phases of each frequency component of an electromagnetic field [1, 2], thereby
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controlling the polarization and frequency of an optical pulse. One notable example of a
polarization-shaped pulse is a polarization-twisting pulse (PTP), where the major axis of
polarization rotates at a fixed angular frequency. PTPs, with their wide continuously tunable
polarization-rotation frequency from 0 to 50 THz, may open up the possibility of using optical
pulses to control electron motion in semiconductors. To free ourselves from the phase-matching
condition, we use the impulsive stimulated Raman scattering induced by PTPs to directly excite
electrons in a GaAs crystal. In this way, the phase-matching condition is relaxed because the
long interaction length in the crystal that is necessary to emit THz radiation is not required for
impulsive stimulated Raman scattering.
The helicity of the envelope of a PTP has been shown to transfer an angular momentum

of ±2~ to the material through impulsive stimulated Raman scattering [10]. In another study,
the pseudorotational motion of the lattice was directly observed by using PTPs to excite the
Raman-active rotational modes of α-quartz [11], and a prescribed terahertz polarization waveform
was generated by the optical rectification of PTPs propagating along the three-fold axis of a [111]
GaP crystal [3]. Irradiation by a right-envelope-helicity PTP induces an angular momentum
∆Jz = −2~ by impulsive stimulated Raman scattering, and the rotational analog of the Umklapp
process of the three-fold axis adds ∆Jz = 3~; therefore, ∆Jz = ~ is induced in the material [10,12].
An example of the Raman scattering response of conduction electrons to THz radiation

without involving the circular-polarization selection rule, is the strong signal from single-particle
intersubband transitions of the electrons in a quantumwell, which has been observed in the spectra
of resonant Raman scattering [13] and which is explained theoretically in Ref. [14]. Specifically,
conduction subbands are spin-split in the momentum direction by the spin-orbit interaction.
However, intersubband transitions via Raman scattering with the circular-polarization selection
rule enforced (i.e., transfer of angular momentum) has not been clarified or demonstrated. Angular-
momentum transfer via impulsive stimulated Raman scattering is not possible with linearly
polarized light or circularly polarized light but is only possible with PTPs [12]. Furthermore,
photoelastic modulators have been used to phase modulate near-infrared pulses; this technique
can now be extended to modulating the helicity of PTPs. Such a system can then be used to
modulate the angular momentum of the recipient matter via stimulated Raman scattering and
has the advantage of focusing on spin-selective phenomena with intersubband transitions in the
THz range. Conversely, the circular photogalvanic effect occupies a vital role in the investigation
of the spin states of intersubband transitions. [4, 5] The spin selection rule is reflected in the
direction of the current created by the conduction-band electrons.

In this paper, we present an experimental study of the photovoltage induced by irradiating an
n-type modulation-doped quantum well (MDQW) with PTPs. The results show that the direction
of the photocurrent generated in an n-type MDQW by PTP irradiation switches direction in
accordance with the direction of the helicity of the polarization envelope. We demonstrate that
polarization pulse shaping constitutes a powerful method to investigate the response of a wide
variety of materials in the THz-regime.

2. Experimental and background of the method

The sample consisted of a 400× 1600 µm2 Hall-bar structure of (001) GaAs/Al0.3Ga0.7As n-type
MDQW with 10 nm well width. Eighteen ohmic contacts were prepared as shown schematically
in Fig. 1(a). The photovoltage was probed by using two of the contacts, and the unused contacts
remained open. The electron density and the mobility of the sample were 2.6× 1015 m−2 and 310
000 cm2 V−1s−1, respectively, as estimated by a Hall measurement at 0.3 K with zero backgate
voltage (Vg = 0.0 V).

Optical pulses from a mode-locked fs Ti:sapphire laser were fed into a 4 f setup for the arbitrary
vector field shaping [3]. The spectral range of the optical pulses was from 700 to 900 nm. The
phases of θ±45◦ (ω) of the diagonally polarized components of each frequency ω were controlled
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Fig. 1. (a) Schematic diagram of the sample Hall-bar structure. The voltage probe pairs 3-4
and 3-6 were used to measure the photovoltage. The blue solid circles A to E are the positions
of the center of the illumination spot aligned at the center of the stem of the Hall-bar. The
red solid circles F to J are the positions of the center of the illumination spot aligned parallel
to the y direction. (b) Schematic drawing of experimental setup. 20-fs pulses are introduced
into the 4 f setup to disperse the frequency components. The spectral phase θ±45◦ (ω) is set
by the SLM to generate PTPs. The envelope helicity of the pulses is modulated by the PEM
to obtain a retardation between −λ/4 and +λ/4. The pulses are incident on the Hall-bar
sample in a He cryostat at 5 K at an oblique angle of 20◦. The position of the Hall-bar
sample is moved with a three-axis mechanical stage at a fixed laser beam position. The
photovoltage is detected by a lock-in amplifier synchronized with the PEM. The small white
point at the center of the Hall-bar in the optical micrograph captured by the monochrome
CCD camera is the excitation laser spot. The electric field vector of the PTP is also shown.

independently by using dual-pixel masks of SLMs as

E±45◦ (t)ê±45◦ =

∫
dω
2π

e−iωt Ẽinc(ω)eiθ±45◦ (ω)ê±45◦ (1)

where ê±45◦ =
1√
2
[êx ± êy] is the direction of the axis of the pixel masks of the SLM, êx and êy

are unit vectors with directions along the positive x- and y-axis, respectively, and Ẽinc(ω) is the
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Fourier-transform-limited incident pulse, as schematically shown in Fig. 2(a).
After passing through a quarter-wave plate, the output electric field is

©«
Ex(t)

Ey(t)

ª®¬ =
∫

dω
2π

e−iωt Ẽinc(ω)eiθopt(ω) ©«
cosφopt(ω)

sinφopt(ω)

ª®¬ (2)

where θopt(ω) =
1
2 (θ45◦ (ω) + θ−45◦ (ω)) is spectral phase, φopt(ω) =

1
2 (θ45◦ (ω) − θ−45◦ (ω)) is the

angle of linear polarization with respect to the vertical direction. To generate PTPs, we introduce
an optical pulse with the following spectral parameters into the SLM:

θopt(ω) =
β

2
(ω − ω0)

2, (3)

φopt(ω) = γ(ω − ω0) (4)

where ω0 is the laser center frequency. The spectral phase in Eq. (3) describes a linear chirp that
stretches the optical pulse width in the time domain as τ(ω) = (∂/∂ω)θopt(ω) = β(ω − ω0). In
the experiment, the group delay dispersion was −16 000 fs2, and the pulse duration was 3.0 ps.
The instantaneous frequency ωins(t) is well defined in the time domain in this case as the inverse
function of t = τ(ω). The modulation in Eq. (4) rotates the instantaneous linear-polarization
angle φopt(ωins(t)) = γβ−1t as shown in Fig. 2(b).

Figure 2
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Fig. 2. (a) Directions of the linearly polarized incident electric field (Ẽinc) and the diagonally
polarized electric fields (E±45◦ (t)). Dual-pixel masks of SLMs control the phases θ±45◦ (ω)
of the diagonally polarized components of each frequency ω. (b) Polarization direction of
the left-envelope-helicity PTP (E+(t)) rotating as φopt(ωins(t)) = γβ−1t.

Impulsive stimulated Raman scattering may be treated classically [15] for an electron with
displacement q(t). The nonlinear susceptibility χe may be expanded as

χe = χe0 + (∇χe) · q(t) + (∇2 χe)q(t) · q(t) + · · · . (5)

We assume small q(t) and leave only the first two terms, then the energy stored in the electron
polarization is given by

U(t) = −
1
2
ε0[χe0 + ∇χe · q(t)]E(t) · E(t). (6)

The force acting on the electron is

F(t) = −∇U(t) =
ε0
2
∇χe(E(t) · E(t)) (7)
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where we assume that the incident electric field E(t) has two component angular frequencies
ω1 and ω2 as E(t) = E1(t)e−iω1t + E2(t)e−iω2t with slowly varying envelope functions E1(t) and
E2(t).
In the quantum mechanical description, the selection rules for impulsive stimulated Raman

scattering induced by a laser pulse are based on conservation of the spin angular momentum
of the photons [12]. For ω > 0, Ej(ω) and E∗j (ω) correspond to annihilation and creation
of photons with polarization state j, respectively, where j = +(−) denotes left-circular (right-
circular) polarization, as defined by E±(ω) ≡ 1√

2
[Ẽx(ω) ∓ iẼy(ω)]. For example, a PTP with

Stokes frequency Ω and left envelope helicity annihilates left-circularly polarized photons with
frequency ω and creates of a right-circularly polarized photon with frequency ω −Ω as described
by E∗−(ω −Ω)E+(ω). Using the relation of E±(ω) = E∗∓(−ω), we obtain

E∗−(ω −Ω)E+(ω) = E+(Ω − ω)E+(ω). (8)

In this case, the angular momentum of the matter irradiated by the PTP must change by ±2~.
When the rotational axis is three-fold, the crystal provides an angular momentum of ±3~, as
demanded by its rotational symmetry. Therefore, the rotation of vector fields with angular
momentum of +~ (−~) can be selectively excited by using −2~ (+2~) [10]. The Stokes frequency
of the Raman scattered photon from the incident PTP is twice the rotational frequency of the
instantaneous linear polarization, and is varied from 0 to 50 THz in these experiments.
The helicity of the PTP was modulated at 50 kHz by using a photoelastic modulator (PEM).

We carefully aligned the optics to avoid any intensity modulation on the optical pulses at the
sample surface. In addition, we made an independent verification that the modulation of the pulse
intensity after passing through the PEM was less than 10−5 of the incident intensity of the pulses.
The helicity dependent photovoltage was detected synchronously by using a lock-in amplifier
with the phase determined by using a reference photodiode. The shaped pulses impinged on the
surface of a Hall-bar structure consisting of a (001) GaAs/Al0.3Ga0.7As MDQW held at 5 K in a
He cryostat. The sample was excited at oblique incidence at the angle of Θ0 = 20◦ with respect
to the [1̄1̄0] direction, as shown schematically in Fig. 1(b). The position of the Hall-bar sample
was moved with a three-axis mechanical stage at a fixed laser beam position. The position of the
laser spot on the sample surface was monitored by using a monochrome CCD camera, as shown
in inset A of Fig. 1(b). The laser spot appears as a small white spot at the center of the Hall-bar
structure. The laser spot on the surface of the sample was measured about 100 µm in diameter.

3. Results and discussion

3.1. Photovoltage induced by below-band-gap polarization twisted pulses

The photocurrent induced in aMDQWstructure by circularly polarized electromagnetic irradiation
is described by [4]

®J =←→γ · êE2Pcirc, (9)

where ←→γ , ê, E , and Pcirc are the pseudo-tensor, direction of propagation of the laser beam,
amplitude of the optical electric field, and degree of circular polarization, respectively. Given the
symmetry of a (001) quantum well optically illuminated by a laser beam propagating in the (y, z)
plane, the photocurrent in the x direction is

jx = γxytptssinΘ0E2Pcirc/n, (10)

where Θ0 is the angle of incidence, n is the index of refraction of the GaAs/Al0.3Ga0.7As sample,
and tp , and ts are the Fresnel transmission coefficients for linear p and s polarization, respectively.
As described previously, irradiation by a PTP creates an electromagnetic field at frequency Ω,
which induces a photocurrent in the excitation spot, as described by Eq. (6). In other words, the
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DV
34

,R
(L

)(μ
V)

Stokes frequency Ω (THz) Stokes frequency Ω (THz)

(a) (b)

DV34, R

DV34, L

DV
36

, R
(L

)(μ
V) DV36, L

DV36, R

Below-band-gap excitation

Fig. 3. (a) Photovoltage signal ∆V34,R(L) measured between contacts 3 and 4, and (b)
∆V36,R(L) measured between contacts 3 and 6 as functions of the Stokes frequency of the
PTPs for below-band-gap excitation between 825 and 900 nm at pulse energy of 131 pJ.
Data points plotted are ∆V34,R = V34,R − V34,L at γ > 0 and β > 0 (blue circles), and
∆V34,L = V34,L − V34,R at γ < 0 and β > 0 (red circles) in (a), and ∆V36,R = V36,R − V36,L
(blue circles), and ∆V36,L = V36,L − V36,R (red circles) in (b).

excitation spot is equivalent to a current generator, and this current induces a voltage between the
voltage probes, which is measured by the lock-in amplifier.

Figure 3 shows the results for a photovoltage V34 ≡ V3 − V4 induced by irradiation by PTPs
propagating in the y-z plane at the an off-resonance frequency below the band gap of the GaAs
QW (i.e., between 825 and 900 nm ) at pulse energy of 131 pJ. This figure corresponds to the
laser excitation spot B in Fig. 1(a). Here, Vi is the voltage at contact i in Fig. 1, and V34,R
(V34,L) is the photovoltage V34 induced by right-envelope-helicity (left-envelope-helicity) PTPs
impinging between contacts 3 and 4. The change ∆V34,R = V34,R − V34,L in photovoltage was
detected as a function of the envelope Stokes frequency for each direction of the envelope helicity
of the incident PTP. After reversing the helicity of PTPs by changing the settings for the SLM,
thus changing the sign of γ in Eq. (4), ∆V34,L = V34,L − V34,R was detected. The results show
that ∆V34,L is less than ∆V34,R for a PTP Stokes frequency greater than 15 THz as shown in Fig.
3(a). In contrast, ∆V36,L is greater than ∆V36,R for most of the data points in Fig. 3(b). These
results suggest that the change in photovoltage depends on the helicity of the angular momentum
transferred to the conduction electrons through impulsive stimulated Raman scattering [10, 15].
However, the direction of the photovoltage is obscured by the constant floor of the difference in
voltages of about −0.03µV and 0.01 µV in Figs. 3(a) and 3(b), respectively, which is possibly
due to noise accumulation in the measurements.

3.2. Photovoltage induced by on-resonant polarization twisted pulses

It is widely accepted that a factor of 103-104 times enhancement of the Raman scattering peak at
single-particle intersubband transition can be observed by resonantly exciting the direct gap of
semiconductors [13]. The enhancement factor was explained by considering the full resonance
situation including both the valence and conduction bands [14]. We therefore conducted resonant
Raman scattering measurements to enhance the photovoltage signal by irradiation with PTPs.
Figure 4 shows the photovoltage signals ∆V34,R and ∆V34,L between contacts 3 and 4 induced by
irradiation by PTPs propagating in the y-z plane for resonant excitation between 700 and 900
nm at pulse energy of 27 pJ. We checked that the photovoltage signals ∆V34,R and ∆V34,L are
proportional to the square of the laser excitation power, as expected for the impulsive stimulated
Raman scattering. First, we focus on the case that gives the largest signal. Figure 4(b) corresponds
to excitation spot B in Fig. 1. A factor of 600 times enhancement of the photovoltage signals is
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observed due to the on-resonant excitation as estimated from |∆V34,R − ∆V34,L | in Figs. 3(a) and
4(b) at 49.3 THz. By correcting the factor of the pulse energy (131pJ/27pJ)2, the enhancement
of the photovoltage signals by on-resonant excitation is 14 000, which is in reasonable agreement
with the theory [14].

We note that electron-hole pairs generated by on-resonant excitation and photogenerated
carriers may contribute to the dc photovoltage V34,R and V34,L . This dc photovoltage of the
orders of mV is larger than the photovoltage signals in Fig. 4. The difference between V34,R and
V34,L has been detected by using the PEM, which modulates the retardation of the laser pulses
alternatively between λ/4 and −λ/4 at a frequency of 50 kHz. With this technique, the envelope
helicity-dependent signals ∆V34,R and ∆V34,L are detected at a high sensitivity by excluding the
signal due to the one-photon excitation, which is envelope helicity-independent. The valence hole
plays a large role in enhancing the resonant Raman scattering, however, the contribution of the
optically generated valence-holes for the observed right- and left-envelope-helicity dependence
of the photovoltage is small because the angular momentum of photon is not transferred to the
valence hole by the one-photon excitation with the PTPs.

We confirmed that the sign of the change in photovoltage reverses upon changing the sign of γ
in Eq. (4) by changing the setting of the SLM to reverse the envelope helicity of the PTP. [see plot
in Fig. 4(b); red circles]. This result clearly demonstrates that the direction of the photocurrent
in the Hall-bar sample is controlled by the envelope helicity of the PTPs. Note that the change in
photovoltage occurs only for irradiation at oblique incidence but is absent at normal incidence.

The sign of the photovoltage is consistent with the circular photogalvanic effect when a sample
is irradiated by circular THz pulses with photon energy less than the separation between subbands
in the conduction band [4,5]. The circular photogalvanic effect is caused by the k-term linear
in k in the electron Hamiltonian, which is due to the Dresselhaus [16] and/or Rashba [17–19]
spin-orbit interactions and which gives splittings in kx , as shown in Fig. 5. The transition from
e1 to e2 is forbidden for excitation at normal incidence in an n-type (001)-grown GaAs quantum
well with σ+(σ−) polarization. At oblique incidence the intraband transition from e1 to e2 is
allowed; however, the simple selection rules do not hold because of the lower symmetry. At
oblique incidence, the rates of these transitions differ at k+ and k− [5], as illustrated by different
thickness of the arrows in Fig. 5. The asymmetric distribution of carriers in k space induces a
photocurrent jx in the x direction. The helicity of circularly polarized THz pulses corresponds to
angular momentum ∆Jz transferred to the matter. The direction of the photocurrent generated
by σ− (∆Jz = +~) irradiation at θ0 = 20◦ is in the [11̄0] direction [4] when the excitation
energy is less than the separation between the e1 and e2 subbands. We carefully confirmed the
helicity of the PTPs and the direction of photocurrent. The helicity is defined from the point of
view of the receiver. The polarization of right-envelope-helicity PTPs rotates counterclockwise
when observed from the light source as shown schematically in Fig. 6(a). Figure 4(b) indicates
that ∆V34,R > 0, so the current jx flows from contact 3 to 4 in the external circuit when the
Hall-bar is illuminated by right-envelope-helicity PTPs. Assuming that the angular momentum
∆Jz = −2~ due to stimulated Raman scattering by right-envelope-helicity PTPs is added with
the angular momentum ∆Jz = 3~ due to the Umklapp process of the three-fold axis, the total
angular momentum is ∆Jz = ~. In this case, the irradiation with ∆Jz = ~ at Θ0 = 20◦ generates a
photocurrent in the [11̄0] direction, which is consistent with the circular photogalvanic effect.
The photovoltage signal in Fig. 4(b) that depends on the envelope helicity of the PTPs is

induced by the stimulated Raman scattering caused by the single-particle intersubband transitions
of the electrons in the quantum well. The Stokes frequency Ω is related to the intersuband
energy separation of the conduction electron between the subbands e1 and e2 in Fig. 5. The
photovoltage signal is expected to increase close to Ω ≈ E21, where E21 is the energy spacing
between e1 and e2, and decrease at the higher Ω side. Figure 4(b) shows that the change
∆V34,R = V34,R − V34,L in the photovoltage increases monotonically up to around 50 THz (blue
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Fig. 4. Photovoltage signal ∆V34,R(L) measured between contacts 3 and 4 as functions
of the Stokes frequency of PTPs for resonant excitation between 700 and 900 nm at pulse
energy of 27 pJ for the laser excitation spot A-J as schematically shown in Fig. 1(a). Data
points are plotted for ∆V34,R = V34,R − V34,L at γ > 0 and β > 0 (blue circles), and
∆V34,L = V34,L − V34,R at γ < 0 and β > 0 (red circles).

circles). The Stokes frequency Ω dependence of the photovoltage signal in Fig. 4 reflects the
inhomogeneous distribution of the width of the quantum well structure and the instantaneous
spectral width of the PTPs.
3.3. Dependence of photovoltage on beam spot position

In order to further understand the underlining mechanisms of the observed photovoltage, we have
conducted measurements of photovoltage at various beam spot position on the Hall-bar sample.
Figures 4(a)–4(e) show the photovoltage signal for the beam-spot positions A–E in Fig. 1(a),
respectively. The spacing between each spot was 150 µm. Laser beam-spot position dependence
at point A–E of photovoltage signal ∆V34,R and ∆V34,L at Ω = 49.3 THz is shown in Fig. 8(a).
The photovoltage signal is largest for the beam spot at position B in Fig. 1(a), which is close to
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Fig. 6. Schematic illustrations of (a) photocurrent induced by the circular photogalvanic
effect and (b) classical edge photocurrent generated by the acceleration of free carriers in the
vicinity of the sample edge by the optical electric field.

the line connecting contacts 3 and 6. A similar dependence on the excitation frequency, but with
a smaller signal occurs with the beam spot at point C, which is slightly below contact 4 [see Fig.
1(a)]. No signal was detected when the beam spot was at points A, D, or E.

Figures 4(f)–4(j) show ∆V34,R(L) between contacts 3 and 4 for beam spots F–J from Fig. 1(a),
respectively. Laser beam-spot position dependence at point F–J of photovoltage signal ∆V34,R
and ∆V34,L at Ω = 49.3 THz is also shown in Fig. 8(b). The spacing between each spot was 120
µm. Figures 4(f)–4(j) show that ∆V34,R(L) was greatest when the right half side of the Hall-bar



structure at spot I was illuminated. Smaller signals were detected with the beam spot at points G
and H.

Figure 7
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Fig. 7. Photovoltage signal ∆V36,R(L) measured between contacts 3 and 6 as functions
of the Stokes frequency of PTPs for resonant excitation between 700 and 900 nm for the
laser excitation spot positioned at point A–J on the Hall-bar structure [see Fig. 1(a)]. Data
points are plotted for ∆V36,R = V36,R − V36,L at γ > 0 and β > 0 (blue circles), and
∆V36,L = V36,L − V36,R at γ < 0 and β > 0 (red circles).

The photovoltage signal V36 ≡ V3 − V6 was measured between contacts 3 and 6, and ∆V36,R =
V36,R − V36,L and ∆V36,L = V36,L − V36,R are shown in Figs. 7(a)–7(j) for various beam-spot
positions. Laser beam-spot position dependence at point A–J of photovoltage signal ∆V36,R and
∆V36,L at Ω = 49.3 THz is summarized in Fig. 8. As for Fig. 4, the photovoltage signal is
greatest when the beam spot is at position B of Fig. 1, whereas no signal is detected with the
beam spot at positions A, C–E of Fig. 1. In addition, the maximal photovoltage for the beam
spot positions F–J occurs with the beam spot at position I.

The dependence of photovoltage on beam spot position in Figs. 4, 7, and 8 is not fully explained
solely by the circular photogalvanic effect. Another possible scenario to explain this effect is that
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Figure 8
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Fig. 8. (a) Laser beam-spot position dependence at point A–E of photovoltage signal (i)
∆V34,R (blue circles), (ii) ∆V34,L (red circles), (iii) ∆V36,R (blue triangles), and (iv) ∆V36,L
(red triangles) at Ω = 49.3 THz. (b) Laser beam-spot position dependence at point F–J
of photovoltage signal (i) ∆V34,R (blue circles), (ii) ∆V34,L (red circles), (iii) ∆V36,R (blue
triangles), and (iv) ∆V36,L (red triangles) at Ω = 49.3 THz. The insets indicate schematic
diagram of the laser beam-spot positions on the sample Hall-bar structure. The origin of the
coordinate system is set at the crossing of the center of the Hall-bar and the line connecting
contacts 3 and 6.

the classical edge photocurrent is added to the current from the circular photogalvanic effect.
The classical edge photocurrent was observed previously in graphene [7] and is attributed to the
acceleration of free carriers in the vicinity of the sample edge by the THz electric field ETHz(t),
similar to the surface photogalvanic effect observed on the surface of bulk GaAs [20]. This
classical edge photocurrent is described by a theory based on Boltzmann’s kinetic equation using
the distribution function f (p, x, t) as,

∂ f
∂t
+ vx

∂ f
∂x
+ qETHz(t)

∂ f
∂p
= Q{ f }, (11)

where p, x, q, and vx are the momentum, coordinate, charge, and the velocity of the carrier,
respectively, and Q{ f } is the collision integral [7, 20].
Based on this theory, the first order in ETHz(t) correction does not contribute to a dc current.

The observed photocurrent is determined by the second order ETHz(t)-field correction to f (p, x, t)
[7]. Instead of the direct acceleration of free carriers by ETHz(t), the force F(t) in Eq. (7) acts
on the electrons through the impulsive stimulated Raman process in the classical treatment upon
the irradiation of the PTPs. The observed photocurrent is determined by the second order in F(t),
proportional to the square of the laser excitation power. According to this scenario, electrons
near the left edge of the sample are accelerated in the −x direction, so they contribute to a positive
jx photocurrent after excitation by right-envelope-helicity PTPs as shown schematically in Fig.
6(b). This photocurrent partly cancels the photocurrent by the circular photogalvanic effect. The
electrons near the right edge are accelerated in the +x direction, so a photocurrent is induced
in the −x direction, which is the same direction as the photocurrent induced by the circular
photogalvanic effect. The net result is a large signal observed when the beam spot is at position I
in Fig. 4(i). The results shown in Figs. 7(b) and 7(i) indicate that the photovoltage V6 > V3 is
induced by right-envelope-helicity PTPs. Constructive (destructive) photovoltage at the right
(left) edge near contact 6 (3) explains these observations.
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4. Conclusion

The results reported herein demonstrate that through impulsive stimulated Raman scattering, a
vector-shaped optical pulse becomes a powerful tool for controlling electrons in a MDQW. The
results indicate that the direction of the photocurrent depends on the envelope helicity of the
PTPs. These observations are explained by invoking the circular photogalvanic effect combined
with classical edge photocurrent generated by acceleration of free carriers in the vicinity of the
sample edge by the optical electric field of the PTP. The wide range over which we can tune the
frequency of the rotation of the PTP in the THz-regime and the flexibility allowed for controlling
the polarization make this method particularly attractive for investigating the response of a wide
variety of materials in the THz-regime. Examples of interesting problems to be explored with
a vector-shaped optical pulse may be the unusual electromagnetic response, in particular the
anomalous Hall effect in Weyl semimetals [21–23] and the topological phases of narrow gap
transition metal dichalcogenides such as TiS2 and TiTe2 [24, 25].
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