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Different spin relaxation properties observed in linearly and circularly polarized laser induced
terahertz emission from a Bi/Co bilayer
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Recently, a helicity-dependent photocurrent was reported in Bi single-layer thin films. It is proposed that
the origin of this photocurrent is the combination of photon-spin conversion and spin-charge conversion effects
in Bi, and efficient spin conversion in Bi is expected. In this study, we measure two types of terahertz (THz)
emissions from Bi/Co bilayer films induced by spin current generation using laser induced demagnetization of
the Co layer and the photon-spin conversion effect in the Bi layer to investigate the spin current induced by the
two mechanisms simultaneously. We clearly observe different Bi thickness dependences of peak intensity and
bandwidth for THz spin current in two experiments, i.e., spin current induced by demagnetization of Co and by
photon-spin conversion in Bi. The different Bi thickness dependences of spin current intensity and bandwidth in
two experiments are caused by different spin relaxation properties of optically excited spin currents in Bi layers.
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I. INTRODUCTION

Conversion between electron spin and physical quantities,
such as charge, light, heat, and phonons, is one of the fun-
damental principles that enable the generation and detection
of the spin current [1–4]. To enhance the conversion effi-
ciency of future spintronic devices, numerous studies have
explored various materials, such as topological materials [5,6]
and heavy metals (e.g., Pt, W, Ta, and Bi [7–12]). In par-
ticular, Bi is the basis of several topological materials, such
as Bi0.9Sb0.1, PtBi2, and BixSe1−x [13–15]. Accordingly, Bi-
based alloys are among the candidate materials with good
spin current generation characteristics owing to their large
spin-orbit coupling and unique band structure. Thus, it is
important to investigate the phenomena occurring in Bi to
obtain a basic understanding of the phenomena occurring
in Bi-based alloys. In addition, Bi itself is expected to ex-
hibit an efficient spin conversion effect and other interesting
phenomena [16].

Recently, a helicity-dependent (HD) photocurrent in Bi
single-layer thin films and Bi/Cu(or Ag) bilayer films was ob-
served via pulse laser induced terahertz (THz) emission [17]
and transport measurement using a continuous-wave laser
[18]. The proposed mechanism for photocurrent in Bi is the
photoinduced inverse spin-Hall effect [19]. A circularly polar-
ized laser induces electron spin in Bi depending on the optical
helicity via conversion from photon spin angular momentum
(SAM) to electron SAM, which is called the photon-spin
conversion effect. Subsequently, the flow of electron SAM
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is converted to charge current through the inverse spin-Hall
effect. Although photon SAM driven torques were observed
in heavy metal/ferromagnet bilayer films via measurement of
the time-resolved magneto-optical Kerr effect [2,20–22], the
above-mentioned HD photocurrent in a single-layer thin film
has been mostly reported in Bi-related materials [17,18,23].
Therefore, the efficient photon-spin conversion effect in Bi is
expected, which most likely originates from the band structure
inherent in semimetallic Bi. However, the details of photon-
spin conversion in Bi have not been clarified yet because the
photon-spin conversion and spin-charge conversion effects are
observed simultaneously in the photocurrent measurement;
thus, one cannot distinguish between two spin-related conver-
sion effects.

In this study, to disentangle the two processes, namely, the
photon-spin conversion and spin-charge conversion effects,
and gain insight into the underlying physics, we measure
the THz emission induced by spin current generation using
photon-spin conversion and laser induced demagnetization
simultaneously in Bi/Co bilayer films.

THz emission experiments conducted with structures
widely used in spintronics THz emitters [24–26], e.g.,
ferromagnet/Bi bilayers, remain scarce. When a femtosecond
laser pulse is irradiated on the ferromagnet/Bi bilayer, spin
current can be generated by the ultrafast demagnetization of
the ferromagnetic layer due to the conservation of angular
momentum [27–29]. This transient spin current is converted
into charge current owing to spin-charge conversion effect in
the Bi layer, and then a THz wave is emitted. Thus, we can
simultaneously investigate the difference in the spin current
via photon-spin conversion and laser induced demagnetization
using this structure.
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II. EXPERIMENT

The samples were prepared using DC/RF magnetron
sputtering. The stacking structure of samples was glass
substrate/Bi(dBi)/Co(5)/MgO(2)/Ta(2) (thickness is in
nanometers). The thicknesses of the Bi layers dBi were
varied from 10 to 120 nm. The Co layer generates the
spin current from laser induced demagnetization. The Bi
layers generate spin current via the photon-spin conversion
effect and convert the spin current into charge current via
the spin-charge conversion effect. The MgO and Ta layers
are capping layers to prevent oxidization. The Bi film in
all samples was polycrystalline, with the (003) and (012)
preferred orientations indexed using hexagonal notation. The
saturation magnetization of Co was almost constant with
respect to Bi thickness (see Appendix A for details on sample
information).

The laser pulse induced THz emission from Bi/Co films
was measured using THz time domain spectroscopy [30–32].
Laser pulses are generated by a Ti:sapphire femtosecond laser
with a wavelength of 800 nm, pulse duration of 160 fs, and
repetition rate of 1 kHz. Pump laser pulses are modulated by a
mechanical chopper at a frequency of 360 Hz. A quarter-wave
plate is placed in front of the samples to control pump laser
polarization. The pump laser was focused on the film with a
fluence of 0.62 mJ/cm2. The polarization of the THz wave
emitted from the sample surface was analyzed with two wire
grids [33,34]. We measured the emitted THz wave using the
electro-optic (EO) sampling method [35] with a 1-mm-thick
ZnTe(110) crystal. All measurements were taken at room
temperature.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Laser induced THz emission and Bi thickness dependence

We measured two kinds of THz waves emitted from Bi/Co
bilayer films induced by linearly polarized and circularly po-
larized lasers, as shown in Figs. 1(a) and 1(b), respectively.
The difference between the two measurements is the source
of spin current. The first spin current source is laser induced
demagnetization. When a linearly polarized laser is irradi-
ated on the sample, ultrafast spin current is generated from
the laser induced demagnetization of Co, where the polar-
ization of spin is parallel to the magnetization direction of
Co. This spin current flows into an adjacent Bi layer and

FIG. 1. Schematic illustration of (a) linearly and (b) circularly
polarized laser induced terahertz emission from a Bi/Co bilayer.

is converted to charge current through the inverse spin-Hall
effect in Bi, which causes THz emission from the film surface
[Fig. 1(a)]. The second source is photon-spin injection via
the photon-spin conversion effect in Bi. When a circularly
polarized laser is irradiated on the sample with an oblique
incidence, in-plane electron spin is injected in Bi depending
on the optical helicity via the photon-spin conversion effect.
The incident angle was fixed at 45◦ in our measurement. Spin
current is caused by the gradient of induced spin because of
the finite penetration depth of the laser. This spin current is
converted into a charge current, and then the THz wave is
emitted [Fig. 1(b)]. In contrast to the linearly polarized laser
induced THz emission, circularly polarized laser induced THz
emission is observed in Bi single-layer thin films [17]. We
conducted THz experiments using spin currents generated by
two different mechanisms, as shown in Figs. 1(a) and 1(b),
where the THz wave polarization induced by demagnetization
is orthogonal to that induced by photon-spin injection to dis-
tinguish the two contributions via THz polarization analysis
with two wire grids. Note that we measured photon-spin con-
version induced terahertz emission with no net magnetization
of Co; that is, samples in a virgin state were measured for THz
emission induced by photon-spin conversion in Bi. This no
net magnetization was confirmed by measuring the orthogonal
component of the THz signal. The HD-THz signal caused by
the inverse Faraday effect and the inverse spin-orbit torque
observed in a previous study [36] can be ruled out because of
the lack of net magnetization of Co.

A typical THz signal VTHz induced by a linearly polarized
laser with two opposite sample magnetization ±M orienta-
tions is shown in Fig. 2(a). The THz signal is inverted when
the magnetization is reversed, which is consistent with THz
signals emitted from magnetic heterostructures [24,26]. It was
found that there is a contribution from the ordinary Nernst
effect in Bi [37] where the THz signal is linearly changed
based on the external magnetic field strength. To remove the
contribution of the ordinary Nernst effect, first, an external
magnetic field was applied to saturate the magnetization of
Co, and then the THz signal was measured without an external
magnetic field. Figure 2(b) shows typical circularly polarized
laser pulse induced THz signals VTHz with different optical he-
licities σ±. The red and blue circles represent the THz signals
induced by right- and left-circularly polarized lasers, respec-
tively. The sign of the THz signal is reversed when the helicity
of the circularly polarized laser pulse is changed, indicating
the HD-THz signal. To focus on the HD and magnetization di-
rection dependent contributions, we considered antisymmetric
signals with respect to magnetization and optical helicity, i.e.,
[VTHz(+M ) − VTHz(−M )]/2 and [VTHz(σ+) − VTHz(σ−)]/2.

Figures 2(c) and 2(d) show the Bi thickness dBi dependence
of the linearly polarized laser induced THz signal and HD
circularly polarized laser induced THz signal, respectively. As
the Bi thickness dBi increases from 20 to 120 nm, the ampli-
tude of the THz signal induced by the linearly polarized laser
decreases. In contrast to the linearly polarized laser induced
THz signal, the amplitude of the HD-THz signal induced by
the circularly polarized laser increases. Figures 3(a) and 3(b)
exhibit the dBi dependence of the peak value of the linearly
polarized laser induced THz signal and HD circularly po-
larized laser induced THz signal, respectively. Different dBi
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FIG. 2. (a) Linearly polarized laser induced terahertz signal with
different polarities of Co magnetization. where the laser is irradiated
with normal incidence. (b) Circularly polarized laser induced tera-
hertz signal with different helicities of the laser pulse. where the laser
is irradiated with a 45◦ incident angle. Bi thickness dBi dependence
of (c) the linearly polarized laser induced terahertz signal and (d) the
HD circularly polarized laser induced terahertz signal, where the
difference between signals obtained with left- and right-circularly
polarized light is taken.

dependences are clearly observed in the two experiments. The
trends observed in the two experiments, shown in Figs. 3(a)
and 3(b), are consistent with those observed in previous stud-
ies [17,26]. Moreover, the wave form of the THz signal was
different; that is, the shape is broader for the HD-THz sig-
nal compared with the linearly polarized laser induced THz

FIG. 3. Peak value of (a) linearly polarized laser induced tera-
hertz signal and (b) HD terahertz signal plotted as a function of Bi
thickness dBi.

signal. Those differences can be caused by different temporal
dynamics of the laser induced spin current. To obtain the
temporal spin current, we analyzed THz signals as described
below.

B. Spin current analyzed from experiment

THz signals measured via the EO sampling method can be
converted into THz electric field in the sample and temporal
spin current. In the frequency domain, the relation between the
measured THz signal VTHz and THz electric field E is stated
as [25]

VTHz(ω) ∝ H (ω)E (ω), (1)

where H (ω) is the response function of the THz detection
process. The response function comprises the propagation of
the THz pulse from the sample to the detector and the detector
response function for the ZnTe(110) crystal. The detection
of the THz electric field is assumed to be far field; that is,
the response function for propagation is proportional to the
frequency. The detector response function for the ZnTe crystal
was calculated with parameters taken from Ref. [38]. The THz
electric field generated from the laser induced spin current is
described as [25]

E (ω) = eZ (ω)θSH

∫ dBi

0
Js(z, ω)dz, (2)

where θSH and e are the spin-Hall angle and electron charge,
respectively. In addition, Js(ω) represents spin current in the
frequency domain. The electromagnetic impedance Z (ω) is
expressed as

Z (ω) = Z0

n0 + nsub + Z0σtot (ω)dtot
, (3)

where Z0, n0, nsub, and dtot are the vacuum impedance, refrac-
tive index of air, refractive index of the substrate, and total
film thickness, respectively. Here, n0 = 1.0, and nsub = 1.5.
σtot (ω) is the total conductivity, which was assumed to be
constant in the THz range [17,39]. σtot values were measured
using the four-point probe method (see Appendix B for the
electrical conductivity of samples).

Using Eqs. (1)–(3) and the measured THz signals, the
spin current was obtained with a cutoff frequency of 3
THz. Figures 4(a) and 4(b) show the temporal spin current∫ dBi

0 Js(z, t )dz obtained from the linearly and circularly polar-
ized laser induced THz signals for the Bi(80)/Co(5) bilayer
film, respectively. Figures 4(c) and 4(d) show the Fourier
transformation spectrum

∫ dBi

0 Js(z, ω)dz for the spin currents
depicted in Figs. 4(a) and 4(b), respectively. The solid curve
denotes the result fitted with the Lorentzian; subsequently,
the bandwidth � f of the spectrum for the spin current is
evaluated. The peak values of the spin current and bandwidth
� f plotted as a function of Bi thickness dBi are shown in
Figs. 4(e) and 4(f), respectively. Blue solid symbols and red
open symbols represent the values obtained from linearly and
circularly polarized laser induced spin currents, respectively.
The intensity of the spin current induced by the linearly
polarized laser peaked at approximately dBi = 20 nm [solid
circles in Fig. 4(e)], whereas the amplitude of the spin current
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FIG. 4. Temporal spin current signal obtained from (a) the lin-
early polarized laser induced terahertz signal and (b) the circularly
polarized laser induced terahertz signal for the Bi(80)/Co(5) bilayer.
(c) Fourier transformation spectrum for spin current induced by (c) a
linearly polarized laser and (d) a circularly polarized laser, corre-
sponding to (a) and (b). Solid curves represent Lorentzian fitting to
obtain the bandwidth of the spectra. (e) Peak value of spin current
plotted as a function of Bi thickness dBi. (f) Bandwidth of the Fourier
transformation spectrum � f plotted as a function of dBi.

induced by the circularly polarized laser peaked at approxi-
mately dBi = 100 nm [open circles in Fig. 4(e)]. � f of the
spin current induced by the linearly polarized laser was almost
constant with respect to Bi thickness dBi [solid squares in
Fig. 4(f)]. On the other hand, � f of the spin current induced
by the circularly polarized laser exhibited a decreasing trend
as dBi increased and then saturated to a constant [open squares
in Fig. 4(f)]. In addition, � f of the spin current induced by the
circularly polarized laser was one half of that induced by the
linearly polarized laser when Bi thickness is sufficiently thick.
The differences can be caused by the difference in the source
of the spin current and spin transport, as discussed in the next
section.

C. Theoretical analysis of spin current

To explain the dBi dependence of the laser induced spin
current, we performed a simulation of the spin-diffusion
equation. Superdiffusive transport and Boltzmann transport
approaches more rigorously depict interacting electron kinet-
ics with various energy scales far from the thermal equilibrium
state [40,41]. However, these models are quite complex since
one needs to consider electron energy, momentum, and scat-
tering properly. In the diffusive approach, the backflow spin
current cannot be reproduced, and it is implicitly assumed that
spin angular momentum moves based on the continuity equa-
tion and that there is electron scattering during spin transport.
The spin transport in the spin-diffusion equation can be simply

described by how fast spin angular momentum is diffused and
lost. The spin-diffusion equation is described as follows [42]:

∂s(z, t )

∂t
= D

∂2s(z, t )

∂z2
− s(z, t )

τs
+ Qs(z, t ), (4)

where s, D, and τs denote the electron SAM density, diffu-
sion constant, and spin relaxation time, respectively. Here, Qs

corresponds to the source term for the spin current, and we as-
sumed two different spin current sources in two experiments,
as described below. First, demagnetization is considered a spin
source at the interface between the Co and Bi layers Qd

s , which
can be expressed as follows:

Qd
s (z, t ) =

{− dCo
γ

d
dt [�Ms(t ; dBi)] if z = dBi,

0 else,
(5)

where γ and �Ms denote the gyromagnetic ratio and temporal
dynamics of demagnetization, respectively. �Ms was evalu-
ated by using the time-resolved magneto-optical Kerr effect
(TRMOKE) measurement [43] with a constant pump fluence
of 0.62 mJ/cm2. The laser induced spin current was consid-
ered to be inversely proportional to the total layer thicknesses
for spintronic THz emitters described in a previous study
[25]. In fact, laser induced demagnetization decreased with
increasing dBi values (see Appendix D for the dBi dependence
of demagnetization), which is consistent with the assumption
that the absorbed fluence per unit thickness decreases with an
increase in the metallic layer thickness. Therefore, we con-
sidered the dBi dependence of demagnetization �Ms(t ; dBi),
which is proportional to (dBi + dCo)−1, i.e., �Ms(t ; dBi) =
�Ms(t ; dBi = 15)(15 + dCo)/(dBi + dCo), using the demagne-
tization dynamics for a 15-nm-thick Bi sample, �Ms(t ; dBi =
15).

On the other hand, photon-spin injection is considered to
be a spin current source for circularly polarized laser induced
THz signals. photon-spin conversion induced spin density Qp

s

can be considered the conversion between absorbed photon
SAM and electron SAM, which is described by the following
equation [22]:

Qp
s (z, t ) = ηa(z)Fp

ωl
sin θincG(t ), (6)

where Fp, ωl, θinc, and G(t ) denote the fluence of the pump
laser, laser angular frequency, the incident angle of laser, and
the temporal profile of the Gaussian laser pulse, respectively.
The laser absorption profile inside the Bi layer a(z) is calcu-
lated using the transfer matrix method [44] (see Appendix C
for refractive index and light absorption). Here, we assume
that photon SAM is entirely converted into electron SAM, i.e.,
η = 1. The obtained s(z, t ) can be converted into spin current
via the following relation:

Js(z, t ) = D
∂s(z, t )

∂z
. (7)

Using Eqs. (4)–(7), simulations with various D and τs values
were performed (see Appendix E for details of simulation
results), and temporal spin current integrated across the Bi
layer, namely,

∫ dBi

0 Js(z, t )dz, was obtained.
Figures 5(a) and 5(b) show the simulated temporal spin

current induced by the demagnetization of the Co layer and

144413-4



DIFFERENT SPIN RELAXATION PROPERTIES OBSERVED … PHYSICAL REVIEW B 107, 144413 (2023)

FIG. 5. Temporal spin current induced by (a) demagnetization
of the Co layer and (b) photon-spin injection into the Bi layer,
calculated by the spin-diffusion equation. (c) and (d) Fourier trans-
formation spectrum for spin current corresponding to (a) and (b). (e)
Peak values of spin current obtained with the spin-diffusion simu-
lation plotted as a function of Bi thickness dBi. (f) Bandwidth of the
Fourier transformation spectrum � f obtained with the spin-diffusion
simulation plotted as a function of dBi.

photon-spin injection into the Bi layer, respectively. Fig-
ures 5(c) and 5(d) show the Fourier transformation spectra
for spin currents corresponding to Figs. 5(a) and 5(b), re-
spectively. The solid curve represents the result fitted with
the Lorentzian function to evaluate the bandwidth � f . The
obtained peak values and bandwidth of the spin current plotted
as a function of Bi thickness are shown in Figs. 5(e) and
5(f). Simulation results roughly agree with experimentally
observed Bi thickness dependence.

D. Discussion

The initial sharp increase in the demagnetization induced
spin current is due to the spin diffusion in the Bi layer. The
decrease of more than 20 nm was mainly caused by the decline
in the spin current generated by the demagnetization of the Co
layer as mentioned above [depicted by the solid blue symbols
in Figs. 4(e) and 5(e)]. The photon-spin conversion induced
spin current in the thin region is negligible, which is attributed
to the small light absorption in the Bi layer (see Appendix C
for the laser absorption profile). In the thick region, the peak
value of the spin current induced by photon-spin conversion
gradually increases, which corresponds to the spin diffusion
in the Bi layer [ open red circles in Fig. 4(e) and solid red
circles in Fig. 5(e)]. Since the spin current reaches a maximum
when dBi is around 80–100 nm, which is quite thick compared
with the light penetration depth of Bi (∼16 nm), the increasing
trends in Figs. 4(e) and 5(e) are not due to light penetration
effect. Similarly, � f remains almost constant for the spin
current induced by demagnetization and decreases with an

increase in dBi for the spin current induced by photon-spin
injection, which is obtained in the simulation [Figs. 4(f) and
5(f)]. The parameters used in Figs. 5(e) and 5(f) are D =
1.2 × 10−3 m2/s and τs = 0.04 ps for the demagnetization
induced spin current and D = 1.2 × 10−3 m2/s and τs = 4 ps
for the photon-spin conversion induced spin current. D used in
the simulation is obtained based on the electrical conductivity
of the sample (see Appendix B) and the Wiedemann-Franz
law. τs values were not evaluated by the fitting calculation but
extracted by comparing the dBi dependences of spin current
intensity and � f obtained in the experiment and calculation
with changing parameter values which have an order of mag-
nitude different (see Appendix E). Extracted quantities such
as τs are not rigorous and likely have an uncertainty due to
limitations of modeling. The backflow spin current observed
in the photon-spin conversion induced spin current [opposite
polarity at around 1 ps in Fig. 4(b)] cannot be reproduced by
the spin-diffusion modeling. Even with the above-mentioned
uncertainty, the dBi dependence of the spin current intensity
and bandwidth can be explained qualitatively by the spin-
diffusion simulation, as shown in Figs. 5(e) and 5(f). Note
that the τs values used in the two experiments to explain the
experimental results are two orders of magnitude different
from each other. It should also be mentioned that a possible
explanation for the obvious change in the THz wave form
from increasing Bi thickness in Fig. 2(d) is attributed to large
τs of electron spins excited by photon-spin conversion in Bi.
In fact, the increasing slope of the peak spin current value
for demagnetization is much higher than that for photon-spin
conversion, which is due to different spin relaxation lengths
in the two experiments. This indicates that the spin relaxation
length (here, we discuss

√
Dτs) for demagnetization induced

spin current is one order of magnitude shorter than that for
photon-spin injection induced spin current.

The differences in the spin relaxation property should be
related to the energy level of the spin transport for optically
excited electron spins. The electron spin characteristics at the
Fermi level are different from those at the optically excited
state. The mechanism behind the spin current generated by
laser induced demagnetization is an s-d exchange coupling.
The optically excited electron relaxes back to the Fermi-Dirac
distribution after several tens to hundreds of femtoseconds
[45]. Then, the loss of angular momentum in the local mag-
netic moment due to demagnetization transfers the angular
momentum to mobile s electrons owing to the s-d exchange
coupling [46]. Although a shorter spin relaxation length of
the laser induced spin current in ferromagnet/nonmagnet het-
erostructures, which might be attributed to optically excited
electrons, has been observed [47–49], the energy level of the
electron spins may be close to the Fermi level. On the other
hand, spin current generated by photon-spin conversion is
possibly carried by optically excited electron spins in Bi. The
recombination time of optically excited electrons with 800-nm
wavelength light is ∼4 ps [50], similar to the timescale of
the spin relaxation time used in this study, indicating that
spin relaxation is mediated by the recombination of optically
excited electrons and holes. This fact indicates that the spin
relaxation length of optically excited spins in Bi is likely
longer than those near the Fermi level, which possibly stems
from the semimetallic characteristics of Bi.
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IV. CONCLUSION

In this study, two kinds of THz emissions from Bi/Co
bilayer films induced by spin current generation due to demag-
netization and the photon-spin conversion effect with various
Bi thicknesses were investigated simultaneously. The spin cur-
rent peak intensity and bandwidth were discussed based on the
spin-diffusion simulation with different spin current sources,
namely, the demagnetization of Co and photon-spin conver-
sion in Bi. The experimental and simulation results revealed
that the spin relaxation length of electron spins excited by the
photon-spin conversion in Bi is much longer than that induced
by the demagnetization of Co, which might be attributed to the
semimetallic characteristics of Bi.
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APPENDIX A: MAGNETIC PROPERTY

The magnetic property was evaluated with vibrating-
sample magnetometer measurements. Figure 6(a) illustrates
the magnetic hysteresis loops for Bi(dBi)/Co(5) samples with
varying Bi thicknesses. The saturation magnetization Ms was
evaluated from the magnetic hysteresis loops and is plot-
ted as a function of Bi thickness in Fig. 6(b). The shape
of the magnetic hysteresis loops and value of the saturation
magnetization remained approximately constant with respect
to Bi thickness. The average saturation magnetization was
1.2 MA/m.

APPENDIX B: ELECTRICAL CONDUCTIVITY
OF THE SAMPLE

The electrical conductivities of thin-film samples were
evaluated using the four-point probe method. Figure 7 plots
the electrical sheet conductivity as a function of Bi thick-
ness dBi. The slope of the sheet conductivity changes at
approximately dBi = 30 nm. These data were used to calculate
impedance Z [Eq. (3)]. The electrical conductivity at thicker
regions was evaluated to be 1.9 × 104 
−1 m−1 based on the
slope.

APPENDIX C: REFRACTIVE INDEX
AND ABSORPTION OF LIGHT

Figure 8(a) shows the experimentally obtained reflectance
(blue solid circles) and transmittance (red open squares) plot-
ted as a function of Bi thickness dBi. The dashed curves
denote R and T values calculated using the transfer matrix
method [44] with the refractive indices listed in Table I for
a glass substrate/Bi2(dBi)/Co/MgO/Ta thin film (Bi single-

(M
A

/ m
)

(M
A

/ m
)

FIG. 6. (a) In-plane magnetic hysteresis loops of
Bi(dBi)/Co(5)/MgO(2)/Ta(2) (in nm) with various Bi thicknesses
dBi. (b) The saturation magnetization obtained from the magnetic
hysteresis loops plotted as a function of dBi.

layer model). The calculated results are consistent with those
obtained experimentally in the thick region; however, there
is a slight discrepancy in the thin region at dBi < 30 nm. A
similar trend is observed for electrical conductivity: it varies at
around dBi = 30 nm (see Appendix B). To explain the discrep-
ancy in the thin region, the Bi layer was divided into interfacial
(<30 nm) and bulk layers (>30 nm). The refractive index of

FIG. 7. Electrical sheet conductivities of thin films plotted as a
function of dBi. The red and black dashed lines represent linear fitting
in the thin region and thick region, respectively.
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FIG. 8. (a) Bi thickness dependence of reflectance and transmit-
tance. The dashed and solid curves denote calculated results using
the transfer matrix method [44] for a Bi single-layer model and a Bi
bilayer model, respectively. (b) Light absorption profile calculated
using the Bi bilayer model for an 80-nm-thick Bi sample.

TABLE I. Refractive index (800 nm) used for the transfer matrix
calculation. The real and imaginary parts of the refractive index at
the interface Bi layer (Bi1) were obtained by fitting to experimental
reflectance and transmittance data.

Material Thickness (nm) Refractive index

Ta 2 1.11 + i3.48 [51]
MgO 2 1.73 [52]
Co 5 2.49 + i4.80 [53]

Bi2

{
dBi − 30 · · · dBi > 30
0 · · · dBi � 30

2.78 + i3.79 [54]

Bi1

{
30 · · · dBi > 30
dBi · · · dBi � 30

1.9 + i2.2

Glass substrate 500 000 1.5

the bulk Bi layer (Bi2) was taken from the literature, while
that of the interface Bi layer (Bi1) was obtained by fitting the
experimental dBi dependence of R and T . The solid curves
depicted in Fig. 8(a) correspond to R and T values calculated
using the Bi bilayer model. R and T values at the thin re-
gion are explained well using the Bi bilayer model compared
with the explanation provided by the Bi single-layer model.
Figure 8(b) shows the calculated light absorption profile a(z)
for the Bi(80)/Co(5) sample. The light absorption of cir-
cularly polarized light corresponds to an average of light
absorption with s and p polarizations, which is used to cal-
culate the photon-spin injection [Eq. (6)].

APPENDIX D: ULTRAFAST DEMAGNETIZATION VIA
TRMOKE MEASUREMENT

Laser-excited ultrafast demagnetization of Co was evalu-
ated using the TRMOKE measurement. Figure 9(a) shows

FIG. 9. (a) Demagnetization dynamics for a Bi(15)Co(5) bilayer
film. The solid curve is the fitting result with Eq. (D1). (b) Magnitude
of magnetization plotted as a function of Bi thickness. The solid
curve represents a fitted result using a function inversely proportional
to the total thickness of Co and Bi.
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FIG. 10. Spin current (a) peak intensity and (b) bandwidth induced by laser induced demagnetization plotted as a function of Bi thickness
dBi with different diffusion constants D and spin relaxation times τs.

normalized magnetization dynamics for the Bi(15)/Co(5) bi-
layer film. The red solid curve denotes the fitting result
obtained with the following equation [43,55]:

�θK(t )

θK

=
[{

�m1√
1 + t/τ0

− �m2τE − �m1τM

τE − τM
e−t/τM

−τE(�m1 − �m2)

τE − τM
e−t/τE

}
�(t ) + �m3δ(t )

]
∗ G(t ),

(D1)

where �m1,�m2, and �m3 represent the change in the
magnetization at the equilibrium state, maximum demagne-
tization, and state spin filling effect, respectively. τM and τE

denote the demagnetization and remagnetization times, re-

spectively. �(t ), δ(t ), and * are the Heaviside step function,
Dirac delta function, and convolution product, respectively.
The Bi thickness dependence of the demagnetization am-
plitude is well described with inverse total thickness, i.e.,
∝ (dBi + dCo)−1, as shown in Fig. 9(b). The red solid curve
denotes the fitting result.

APPENDIX E: SIMULATION WITH VARIOUS
PARAMETERS

We performed a simulation with various diffusion con-
stants D and spin relaxation times τs. D was assigned values
of 1.2 × 10−4, 1.2 × 10−3, and 1.2 × 10−2 m2/s. τs was as-
signed values of 4 fs, 40 fs, 400 fs, and 4 ps. Figures 10(a)
and 10(b) show the peak value and bandwidth of spin current
induced by the demagnetization of the Co layer plotted as a
function of Bi thickness dBi with different D and τs values.

FIG. 11. Spin current (a) peak intensity and (b) bandwidth induced by photon-spin injection into Bi plotted as a function of Bi thickness
dBi with different diffusion constants D and spin relaxation times τs.
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Figures 11(a) and 11(b) show the peak value and bandwidth
of spin current generated by photon-spin injection in the Bi
layer plotted as a function of dBi with different D and τs

values. D can be obtained by the Wiedemann-Franz law, given
by D = Lσ/γe, where L, σ , and γe are the Lorenz number,

electrical conductivity, and electronic heat capacity, respec-
tively. When we use σ = 1.9 × 104 (
 m)−1 evaluated by
the four-point probe measurement and γe = 0.37 J m−3 K−2

for Bi taken from the literature [56], D = 1.2 × 10−3 m2/s is
obtained.
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