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We demonstrate that Bi thin films emit terahertz radiation when irradiated by circularly polarized fem-
tosecond laser pulses. Terahertz emission that is polarized in a direction perpendicular to the plane of
incidence is significantly enhanced when the pump pulse is circularly polarized compared with when it is
linearly polarized. The enhanced terahertz emission reverses its polarity with the reversal of pump helic-
ity. This helicity dependent terahertz emission is absent in the horizontal direction along the plane of
incidence, and is odd with respect to the incident angle. Combined with the layer thickness dependence
measurement, the dominant origin of terahertz emission is attributed to the photoinduced inverse spin Hall
effect (ISHE) in Bi. The temporal dynamics of the ultrafast photocurrents are extracted and the spin and
charge dynamics are discussed. The observation of terahertz emission from the photoinduced ISHE in a
thin film consisting of a single material indicates the unique character of Bi, i.e., the long spin diffusion
length and the large spin Hall angle, demonstrating the potential ability of the material to be applied to

terahertz emitters and terahertz spintronics.
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I. INTRODUCTION

Terahertz technology has greatly developed over the
last few decades, promoting multiple areas of applications
including sensing, imaging, spectroscopy, and high-speed
communication. One typical method to obtain terahertz
waves is the coherent terahertz pulse emission from ultra-
fast photocurrents or polarization currents induced by fem-
tosecond laser pulse excitation. The induced photocurrents
evolve following the envelope of the femtosecond pulses
in a subpicosecond timescale, causing radiation of elec-
tromagnetic waves via dipole radiation in the terahertz
regime. The photocurrent-induced terahertz radiation is
given by E1y,(¢) o< aJ(¢)/0t, where E1y,(¢) is the elec-
tric field of the terahertz wave and J(¢) is the transient
current. Terahertz emission by transient photocurrents has
been intensively studied on a variety of quantum mate-
rials such as graphene [1,2], topological insulators [3,4],
Weyl semimetals [5—7], and Rashba systems [8]. In par-
ticular, photocurrents generated by circularly polarized
light [referred to as circular photocurrents (CPCs) here-
after] have been investigated by terahertz emission mea-
surements and transport measurements [9—13]. CPCs are
in some cases spin-polarized [4,7-9,13], and the gener-
ation of such CPCs by femtosecond laser pulses opens
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a route to the ultrafast manipulation and generation of
spin currents. Such features are thought to be essential
for the development of ultrafast spintronic devices. Away
from CPCs, ultrafast spin currents in magnetized ferro-
magnetic metal/nonmagnetic metal heterostructures have
been demonstrated to induce efficient terahertz emission
[14]. Here, the spin current is injected from the ferro-
magnetic metal layer, which is magnetized by an external
magnetic field, and the spin current is converted into a
transverse charge current due to the inverse spin Hall effect
(ISHE) of the nonmagnetic metal layer. Compared with
the scheme of spin current injection adopted in ferromag-
netic metal/nonmagnetic metal heterostructures, terahertz
emitters based on ultrafast CPCs have unique benefits as
they do not require external fields, and the pump-helicity
dependence of CPCs enables all-optical control (i.e., con-
trol without external fields) of the terahertz phase [5,8] and
even the terahertz helicity [2,6].

CPCs are usually decomposed into two different contri-
butions: the circular photogalvanic effect (CPGE) and the
circular photon drag effect (CPDE) [2,10]. The two are dis-
tinguished by symmetry conditions: the former is forbid-
den for systems possessing inversion symmetry while the
latter is not. In addition, there is another effect, namely the
photoinduced ISHE [15]. The contribution from the ISHE
in CPCs is usually very small because of the short spin
relaxation time [9]. Therefore, experimental verification
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has been limited to special cases such as GaAs/Pt het-
erostructures [15], where the combination of materials with
a long spin relaxation time (GaAs) and a large spin Hall
angle (Pt) makes the effect observable.

Bi is expected to host such spin and pump-helicity
dependent photocurrents due to its large spin Hall angle
and long spin diffusion length [16]. Moreover, it has been
theoretically demonstrated that the giant spin Hall conduc-
tivity arises from the large Berry curvature associated with
the Dirac point at the L point [17,18]. CPCs have also
been recently observed in Bi thin films and Bi-based het-
erostructures by transport measurements [19]. Bi is well
known to be the basis of many topological insulators, and
thus the understanding of CPCs in Bi may shed light on
the basic understanding of CPCs in Bi-based topological
insulators.

In this paper, we investigate how CPCs in Bi thin films
can be extended to the terahertz frequency range. Under
the irradiation of a near-infrared (NIR) femtosecond laser
pulse, we indeed observe terahertz emission from Bi thin
films. From systematic measurements of pump-helicity
dependence, polarization properties of the emitted tera-
hertz wave and the Bi layer thickness dependence, we
elucidate that the dominant origin of the terahertz emission
is attributed to the photoinduced ISHE.

II. EXPERIMENTAL SETUP

The film samples are deposited via radio frequency mag-
netron sputtering on quartz substrates. A schematic of the
sample structure is shown in Fig. 1(a). The thickness of the
Bi layer is varied as d =30, 50, 70, and 100 nm. The Ta
and MgO layers act as cap layers to prevent oxidation and
degradation of the Bi layer. We find from X-ray diffraction
measurements that Bi is polycrystalline with grains pre-
dominantly oriented along the (111) and (110) directions
(based on rhombohedral representation) [20,21].

A femtosecond pulse laser (central wavelength, 800 nm;
pulse duration, 100 fs; repetition rate, 1 kHz; fluence,
120 uJ/em?) is used for excitation. The excitation pulse
is irradiated on the sample in oblique incidence with the
incident angle 6 ~ 45°. A polarizer and a quarter wave
plate (QWP) are placed in front of the sample. The pump
helicity is controlled by changing the rotation angle « of
the QWP. All measurements are made at room temperature
under ambient pressure.

The emitted terahertz waves are collected by an off-axis
parabolic mirror and focused onto a 1-mm-thick (110)-
ZnTe crystal, where the conventional electro-optic (EO)
sampling method is used to measure the terahertz waves
in the time domain. Between the sample and the ZnTe
crystal, a wire grid polarizer (WGP) is placed to restrict
the polarization of the propagating terahertz wave to one
of two choices: polarized horizontally (referred to as “X
polarization” hereafter) or perpendicular [referred to as “Y

(a) (b) Ypol
WGP Sample
Ta (1 nm) il
MgO (2 nm) =
i X pol. -
Bi(d nm) P THz wave .-~ 9, )
Quartz subst. a
(~ 500 pm) L
pulse S(p—pol.
(c)

o.lo, Ypol.THz |

EO-sampling signal (arb. units)

Time (ps)

Frequency (THz)

FIG. 1. (a) Schematic of the sample structure. (b) Schematic of
the experimental setup. The incident angle is set to be 6 ~ 45°.
The polarization of the excitation pulse can be changed from
right circular polarization o to left circular polarization o_, or
an elliptical polarization in between. WGP is wire grid polar-
izer, QWP is quarter wave plate. (c) Waveform of the emitted
terahertz pulse from 30-nm-thick sample. Red and blue curves
are obtained when the excitation pulse is circularly polarized.
The green curve is obtained when the excitation pulse is linearly
(p-) polarized. (d) The corresponding power spectra of the
emitted terahertz wave.

polarization” hereafter, see Fig. 1(b)] to the plane of inci-
dence. We mainly focus on the Y polarization, since it is
the direction in which CPCs are expected to flow.

III. RESULTS

Typical waveforms of the measured terahertz waves are
displayed in Fig. 1(c) along with their power spectra in
Fig. 1(d). The polarity of the terahertz wave shows clear
reversal when the pump helicity is reversed, and in either
helicity the terahertz emission is enhanced significantly
compared with linearly polarized excitation. Note that
the high-frequency cutoff of the power spectrum around
2.5 THz is due to the use of ZnTe as the EO sampling
crystal.

In order to study the detailed helicity dependence of the
emitted terahertz wave, we use the EO sampling signal at
the peak position as a measure of amplitude of the terahertz
wave, and investigate the helicity dependence of the peak
height. Typical helicity dependence of the peak height is
shown in Fig. 2(a). Obtained helicity dependence for all
Bi layer thicknesses are well fitted by a phenomenological
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equation [9]
StHzpeak () = Csin 2« + Ly sin4o + Ly cos4a + D (1)

where Sty peak 15 the EO sampling signal at the peak posi-
tion and « is the rotation angle of the QWP. o = 45°,225°
correspond to left circular polarization and o« = 135°,315°
correspond to right circular polarization respectively, while
o = 0°,90°,180°,270°,360° correspond to linear polar-
ization. The last three terms in Eq. (1) have the same sign
between o = 45°(225°) and o = 135°(315°), but the first
term has opposite signs between the two QWP angles.
Thus, parameter C expresses the helicity dependent con-
tribution to the terahertz emission. Parameters L; and L,
account for the linear photogalvanic effect or the photon
drag effect, while parameter D represents a polarization-
independent contribution, which includes thermal effects
as well as drift currents and the photo-Dember effect
[6,9,19]. The absolute values of the four fitting param-
eters are shown in Fig. 2(b). Of the four contributions,
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FIG. 2. (a) The peak EO sampling signal Sty peak Of the

Y polarized terahertz wave from 30-nm-thick sample plotted
against the rotation angle o of the QWP. The red circles are
the experimental data and the blue solid line is the fitted result
using Eq. (1). The dashed lines are the fitting results decomposed
into each term of Eq. (1) except for the constant D. The green,
magenta and orange dashed lines correspond to the contribution
of'the first, second, and third term in Eq. (1). (b) The absolute val-
ues of the fitting parameters obtained by the fitting shown in (a).
(c), (d) Identical plots to (a) and (b) respectively, for X polarized
terahertz waves.

the helicity dependent contribution C is dominant in the
Y polarized terahertz emission. The same analysis can be
done for the X polarized terahertz emission as represented
in Figs. 2(c) and 2(d). In contrast to Y polarized terahertz
emission, the X polarized terahertz emission is dominated
by the polarization-independent term.

To further understand the symmetry properties of this
helicity dependent terahertz emission, we make additional
measurements concerning the X polarized terahertz emis-
sion and the incident angle. Here we focus on the helicity
dependent component of the terahertz emission, given by
Sthzcire () = [STHz0_ () — STHZ 0+ (1)]/2, Where Sth,o_ (2)
and Stu.e. (f) are the waveforms of the EO sampling
signal in the time domain when excited by left or right
circularly polarized light, respectively. All waveforms dis-
played in Fig. 3 are those of Stpzcirc(f) under different
detection or excitation schemes.
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FIG. 3. (a) Helicity dependent component of the X polar-
ized terahertz wave (green) and the Y polarized terahertz wave
(red) emitted from 30-nm-thick sample. See main text for the
definition of Stpzcire- A schematic of the measurement configura-
tion is shown above. (b) Incident angle dependence of the helicity
dependent component of the Y polarized terahertz wave emitted
from 30 nm thick sample. The green waveform is obtained for
normal incidence (6 = 0°), while the red and blue waveforms are
obtained for oblique incidence. Schematics of the measurement
configuration are shown above. (c), (d) Schematic explaining the
origin of the incident angle dependence (b) under the proposed
photoinduced ISHE picture. Reversing the incident angle while
holding the excitation helicity effectively reverses the in-plane
component of the excited spin, causing the photoinduced spin
current and the CPC to be odd with respect to the incident angle.

Photon spin
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Figure 3(a) shows the comparison between Sty circ(f)
of the X polarized and the Y polarized terahertz wave.
One can see that Stp,circ(#) is only apparent in the Y
polarization; this is consistent with the results shown in
Fig. 2. Figure 3(b) shows the incident angle dependence
of Sthz circ (f) polarized in the Y direction. One can see that
STHz.circ () 18 0dd with respect to the incident angle and van-
ishes at normal incidence. Both of these features are typical
for CPCs, and confirm that the helicity dependent terahertz
emission is likely to be caused by ultrafast CPCs.

It is worth noting that the symmetric characteristics
shown in Fig. 3 are expected for photocurrents from CPGE
[9,10], CPDE [2,11], and photoinduced ISHE [15]. In
order to determine the mechanism of the observed CPC,
we study the thickness dependence of the terahertz emis-
sion. The results are shown in Fig. 4(a). Here we plot the
results of the fitting using Eq. (1) at the peak position
for each thickness. As one can see, the helicity dependent
terahertz emission is enhanced by increasing the Bi layer
thickness, until it saturates at around 70 nm. This indicates
that there is a significant contribution that comes from the
bulk of Bi. This excludes CPGE as a mechanism of CPCs,
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FIG. 4. (a) Bi layer thickness dependence of the terahertz

emission. The green, magenta, orange and blue data points cor-
respond to the absolute values of the fitting results C, L;, L,, and
D using Eq. (1) at the peak position. The green dashed line is the
fitting result using Eq. (2) with A, = 30nm. (b) Schematic of
terahertz emission from photoinduced ISHE. (c) Extracted ter-
ahertz electric field (blue solid line) from 30-nm-thick sample
along with the original EO sampling signal (red dashed line) plot-
ted in the same scale for comparison. (d) Temporal dynamics of
CPCs. Traces are normalized by their maximum value.

since CPGE is only allowed at the surface of Bi, where
inversion symmetry is broken. Moreover, the significant
enhancement up to 70 nm cannot be explained by CPDE.
This is because the penetration depth of NIR in Bi is about
15 nm [22]. Though CPDE is permitted in the bulk of Bi,
it can only contribute within the penetration depth region,
thus being incapable of explaining the enhancement up
to 70 nm. The L; component also shows enhancement
beyond the penetration depth of NIR in Bi. The origin
of this enhancement remains unresolved, as contributions
from the linear photogalvanic effect and photon drag effect
should also show no significant enhancement in regions
thicker than the penetration depth. However, we consider
nonlocal effects, such as the diffusion of carriers, as a pos-
sible origin for the observed thickness dependence of the
L; component. In fact, in the following we discuss how the
enhancement of C can be explained by taking such effects
into account.

IV. DISCUSSION

As the most plausible origin of the helicity dependent
terahertz emission, we consider here the photoinduced
ISHE. As schematically represented in Fig. 4(b), circularly
polarized light with a tilted incidence angle can produce
a gradient of in-plane spin polarization at the penetration
depth region from the sample surface. The origin of the
photoinduced spin polarization is likely to be attributed to
the inverse Faraday effect [23—25], while the elucidation
of the mechanism calls for further microscopic calcula-
tion based on the band structure of Bi, taking into account
the spin-orbit interaction. The diffusion caused by such
gradients then induces a spin current in the depth direc-
tion, which will be converted into a charge current, via the
ISHE, that emits the terahertz waves. This picture is further
supported by recent transport measurements suggesting
that the photoinduced ISHE is the origin of CPCs in Bi thin
films and Bi-based heterostructures where a similar thick-
ness dependence was observed [26]. The incident angle
dependence shown in Fig. 3(b) can also be understood by
this picture. By reversing the incident angle while retaining
the helicity, one is effectively reversing the in-plane com-
ponent of the excited spin polarization, as shown in Figs.
3(c) and 3(d). Therefore, the sign of the spin current and
the CPC becomes odd with respect to the incident angle,
resulting in the symmetric feature observed in Fig. 3(b).

It should be noted here that the setup and mechanism
of spin current generation in the present work is essen-
tially different from that of Ref. [14], as the spin cur-
rent is directly induced by the circularly polarized light
excitation without any ferromagnetic layers or external
magnetic fields. The pump-helicity dependent terahertz
emission is also distinct from those observed in a ferro-
magnetic/nonferromagnetic metal heterostructure arising
from the inverse spin-orbit torque [27] or ferromagnetic
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metal/Ag/Bi heterostructures where the inverse Rashba-
Edelstein effect, the spin-to-charge conversion due to the
Rashba surface state between Ag and Bi, is essential
[28,29].

To analyze the thickness dependence of terahertz emit-
ters using ISHE, we adopt the model used in Ref. [14],
according to which the amplitude of terahertz emission as
a function of thickness can be expressed as

.0 Areitanh[(d — dp) /2)re1]
Eth, o
1 + ngupst. + Zood

: )

where d is the layer thickness, ;¢ is the induced spin cur-
rent in Bi, Ay is the characteristic relaxation length of
the excited spins, ngps. 15 the refractive index of the sub-
strate in the terahertz region, Z; is the impedance of free
space, and o is the optical conductivity of Bi in the tera-
hertz region. We introduce the parameter d, that accounts
for the inactive dead layer of Bi. According to transport
measurements, the thickness of this dead layer is estimated
as dp ~ 12nm [26]. The parameter dp is defined by the
maximum Bi layer thickness at which helicity dependent
photocurrents vanish. Note that optical properties, such
as the refractive index of Bi, are not significantly influ-
enced when the layer thickness is larger or smaller than
dp. The optical constants (refractive index and extinction
coefficient) obtained from reflection and transmission mea-
surements of the films, with Bi layer thickness below and
above dp, also agree well with those reported for bulk Bi
[26,30]. nepst. and o are measured using terahertz trans-
mission spectroscopy and are determined as ngypg. ~ 3.7
and o ~ 1.4 x 10 S/cm. These quantities are almost con-
stant across the range of 0.5-2.5 THz, and thus treated
as constant values. The amount of spin polarization is
assumed to be proportional to the absorbed number of pho-
tons. Since the penetration depth of NIR in Bi is about
15 nm, there should be no significant difference in the light
absorption between the measured samples (with the thick-
ness being over 30 nm), and thus j” is considered thickness
independent.

Combining these considerations, Eq. (2) has only two
free parameters, which are A, and a global scaling param-
eter. We fit the thickness dependence in Fig. 4(a) with Eq.
(2), as represented by the green dashed lines. From the fit-
ting we obtain A, = 30 & 5nm, which is consistent with
the relaxation length obtained from dc transport measure-
ments, Al = 20 £ 5nm [26]. Though photoinduced ISHE
is usually neglected as a mechanism of CPCs because
of the short spin relaxation time [9], the relatively long
Arel suggests that such effects are capable of generating
CPCs. This long relaxation length may originate from the
high mobility or long lifetime of excited spins (due to
low carrier density) in Bi [31]. The validity of this model
may be further confirmed by time-resolved Kerr rotation

spectroscopy, which will give a measure of the spin’s
lifetime.

Finally, we briefly discuss the dynamics of CPCs. This
information can be obtained by first calculating the tera-
hertz electric field Etpycirc (f) from the EO sampling signal
StHzcire () and then integrating the terahertz electric field
in the time domain. The first step requires a function that
expresses the detection efficiency of the EO sampling setup
[32—34]. Parameters are taken from Ref. [33]. The com-
parison of Stuzcirc (f) and Etpy circ (f) 1s shown in Fig. 4(c),
and the extracted CPCs are shown in Fig. 4(d) for different
thicknesses. Here, the spectral component of the measured
terahertz electric field above 3 THz is assumed to be zero,
taking into account the detection bandwidth limit of the
present EO sampling method. Figure 4(d) shows that the
ultrafast CPC has a rise time of ~0.3 ps and a decay time
of ~0.8 ps. The rise time of the transient current is almost
comparable with the detection bandwidth of the present
EO sampling method of the terahertz waveform. It is also
worth noting that the observed decay time nearly coin-
cides with values reported in pump-probe experiments of
Bi [35-37], and may be related to the intervalley carrier
scattering process.

We also notice from Fig. 4(d) that the current changes
sign after the rapid decrease, which indicates the existence
of backflowing currents. Since this feature is almost thick-
ness independent, the backflow is unlikely to be explained
by the reflection of spin currents at the Bi surface. This
backflow may be explained by taking into account the
photo-Dember effect. Here, the excited electrons and holes
are spatially separated due to the difference in mobility,
and thus form a dipole. If the electron-hole recombination
is a slow process, the charge carriers can be accelerated
by the dipole formed by themselves, resulting in a back-
flowing current. This scenario is supported by the two
orders of magnitude difference in effective mass of pho-
toexcited electrons and holes, and the long electron-hole
recombination time of 4 ps [35]. Further investigation with
high temporal resolution, e.g., with shorter laser pulses and
broadband terahertz detection setups, combined with theo-
retical calculation taking into account the band structure
of Bi would be promising for understanding the further
detailed dynamics.

In conclusion, we demonstrate the circularly polarized
light-induced terahertz emission from Bi thin films. The
pump-helicity dependent component is most dominant in
the terahertz wave polarized in the direction perpendicu-
lar to the plane of incidence, and obeys typical symmetry
conditions which CPCs obey. Increasing the Bi layer thick-
ness enhances the helicity dependent terahertz emission
until it reaches saturation at around 70 nm. This thick-
ness dependence is well explained by the photoinduced
ISHE, indicating the unique character of Bi with rela-
tively long spin diffusion length and large spin Hall angle.
These results reveal the promising characters of Bi as a
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platform for terahertz spintronics and other applications
of terahertz technology, as well as the ability of terahertz
emission spectroscopy as a probe for ultrafast spin and
charge current dynamics.

ACKNOWLEDGMENTS

This work was supported by JST CREST Grant Number
JPMICR19T3, Japan.

APPENDIX: INCIDENT ANGLE DEPENDENCE OF
X POLARIZED TERAHERTZ WAVES

In Fig. 3(b), we show how the pump-helicity dependent
terahertz emission polarized in the Y direction depends
on the incident angle. While the pump-helicity dependent
component is almost absent in the X polarized direction,
we show here for a reference the X polarized terahertz
emission in Fig. 5. The EO sampling signals in this direc-
tion vanish at normal incidence, and is odd with respect to
the incident angle. In oblique incidence, the terahertz emis-
sion is enhanced when it is excited with linearly polarized
light, which is consistent with Fig. 2(c). We note that the
experimental setup for these data is different from those
in the main text so that the terahertz waveforms appear
different.
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