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Laser pulse induced efficient terahertz emission from Co/Al heterostructures
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Investigation on terahertz (THz) emission is important not only for fundamental research but also for practical
application. A rapidly developing approach to generate THz emission is using a heterostructure composed of
ferromagnetic metal (FM) and nonmagnetic metal (NM) which is pumped by femtosecond laser pulse. Previous
works in this regard mainly focused on bilayer with heavy NM (such as Pt) with a large spin Hall angle. Here we
present a comprehensive investigation on THz emission from Co/Al heterostructures stemming from the inverse
spin Hall effect. It is surprising to find that although the spin Hall angle of Al is two orders of magnitude smaller
than that of Pt, the measured THz signals are close to one-third of that of the typical Co/Pt heterostructures. To
explore the underlying physics, theoretical models are employed to investigate the spin-related properties of Al.
We obtain that the upper limit of the spin Hall angle of Al is 0.55% and the spin-diffusion length is 2.2 ± 0.2 nm;
the diffusion length is comparable to that of Pt (2.3 ± 0.1 nm). This work shows that it is worth revisiting light
metals for the spintronic THz emitter.

DOI: 10.1103/PhysRevB.102.024435

I. INTRODUCTION

Terahertz (THz) radiation shows frequencies in the reso-
nance windows of many materials, which makes the corre-
sponding technique increasingly attractive in fields such as
material science [1–3], biomedicine [4–6], wireless communi-
cation [7], security imaging [6,8,9], etc. THz emission usually
stems from the transient electrical current in photoconductive
antennas [10–14], the optical rectification from electro-optical
crystals [15–20], and the plasma oscillations [21,22]. Re-
cently, THz emission based on spin-to-charge conversion has
attracted wide attention due to its broad spectrum, low cost,
and flexibility [23–27]. The corresponding THz emitter is
composed of FM/NM bilayers, where FM and NM represent
ferromagnetic and nonmagnetic metal/alloy, respectively. A
femtosecond laser pumps the FM layer, generating nonequi-
librium spin polarized electrons. The spin current then will
diffuse into the closely contacted NM layer and is converted
into a transient transverse charge current, by inverse spin
Hall effect (ISHE) or inverse Rashba-Edelstein effect (IREE)
[28,29], yielding THz emission.

THz radiation from FM/NM heterostructures has been
intensively investigated. In 2013, Kampfrath et al. fabricated
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Fe/Au and Fe/Ru heterostructures and found that the THz
spin current pulses can be controlled by tailoring magnetic
heterostructures [23]. In 2016, Seifert et al. reported THz
emitters with 30 THz bandwidth. The corresponding emitters
have the structure of CoFeB/NM, with NM heavy metal
with large spin Hall angle, such as Pd, Ta, W, Ir, and Pt.
More than that, W/CoFeB/Pt trilayer emitters exhibit a THz
amplitude close to that of 1-mm-thick ZnTe crystal [24],
which is the commercial THz emitter. Soon after that, to meet
the requirement of special applications, Wu et al. have tried
to fabricate Co/NM (NM = Pt, Ir, Gd, Ru, Ta, and W) bilayer
structures on flexible substrates [25].

Despite intensive investigations in this regard, THz emis-
sion from light metal was scarcely reported. Indeed, the
spin-orbit coupling (SOC) of light metal is small. However,
this distinct character will allow long-distance spin diffu-
sion, enhancing the probability for effective spin-to-charge
conversion. Meanwhile, light metal usually owns conduc-
tivity well matching that of FM. This in principle will fa-
vor an efficient interlayer spin current transmittance. In this
work, we reported on a Co/Al-structured THz emitter with
a performance comparable to Co/Pt, a typical spintronic
THz emitter. Its maximal THz amplitude is about one-third
that of Co/Pt. This is amazing noting the big difference
of the spin Hall angle of Al and Pt (0.03% versus 3%)
[30,31]. This work shows that it is worthy of revisiting light
metals.
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FIG. 1. (a) Sketch of the experimental geometry for the Co/Al spintronic THz emitter. The femtosecond laser propagates along film normal.
Magnetic field (B) was applied along x axis. (b) The typical THz wave forms generated by SiO2/Co(3 nm)/Al(4 nm)/Al2O3 structure under
opposite magnetic field directions. (c) The effect of stacking order on THz signals. (d) Fourier spectra obtained from the data in (b).

II. EXPERIMENT

Figure 1(a) is a sketch of the hybrid structure investigated
here. The Co/Al stack and the SiO2 capping layer (3 nm)
were grown on a 0.5-mm-thick Al2O3 substrate by dc and
rf magnetron sputtering, respectively. The base pressure of
the sputtering chamber was 5 × 10−5 Pa. The Co layer was
fixed to an optimal thickness of 3 nm while the Al layer
was varied between 0 and 15 nm. A standard THz time-
domain spectroscopy setup is utilized to generate and detect
the THz pulse wave forms. Linearly polarized femtosecond
laser pulses [with a duration of 120 fs, a center wavelength
of 800 nm, a power of 500 mW (Pin), and a repetition rate
of 80 MHz] is incident to the Co/Al structures along the z
axis. A magnetic field (B) of 0.1 T was applied along the x
axis to orient the magnetic moment of Co. The THz signal
with the electric field along the y axis is emitted from the
device and is detected by the photoconductive antenna. All
measurements were performed at room temperature in a dry
air environment. In principle, both sides of the sample can
be pumped, i.e., the substrate side or the Co layer side. In
the present experiments, the substrate side of the sample
was pumped to avoid undesired THz absorption by substrate,
yielding THz emission out of the film surface [Fig. 1(a)].

III. RESULTS

Figure 1(b) shows the typical THz electric field wave forms
emitted from SiO2/Co(3 nm)/Al(4 nm)/Al2O3 heterostructure,

under the stimuli of ultrafast laser pulse. The phase of the
THz wave shows a strong dependence on the direction of
magnetic field: reversing field direction causes a phase change
of 180°. In addition to this, the stacking order of Al and Co
also affects the wave phase [Fig. 1(c)]. For comparison, we
also measured the THz signal from the lone Co or Al film,
and obtained negligible signals [the weak THz emission from
a 3-nm Co film is available in Fig. 3(a)]. This result indicates
that the THz emission comes from the Co/Al bilayer structure.
Figure 1(d) is a typical Fourier spectrum of the THz waves,
which covers the frequency range up to 3 THz, which is
limited by the photoconductive antenna used as detector and
the pulse length of the laser. Results in Figs. 1(b) and 1(c) are
typical features of the THz waves generated by spin-to-charge
conversion that appears in FM/NM heterostructure. As well
established, femtosecond pulse will cause a demagnetization
of the FM, generating spin-polarized current [Fig. 1(a)] due
to the different mobilities of the majority and minority spins
[31]. When the spin-polarized current is injected into the
adjacent NM neighbor, it will be converted into the transient
current by either IREE or ISHE of the NM [28,29], yielding
THz emissions.

Take the spin-to-charge conversion via ISHE as an exam-
ple. The relation between spin and charge currents can be
written as jc = 2e

h̄ θSHE js × M, where jc is the charge current,
js is the spin current, M is the magnetization of the Co film,
and θSHE is the spin Hall angle of NM [30,32]. It is easy to
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FIG. 2. (a) THz emission signals of SiO2/Co(3 nm)/Cu(tCu)/Al(4 nm)/Al2O3 samples, where tCu = 0, 1, 2, 3, 4, 5, 6, and 8 nm. (b) Cu
thickness dependence of the THz amplitude. Solid line in (b) is a guide for the eye.

see that when the direction of M is reversed by applied field
the direction of jc will be reversed, yielding a phase change of
180° in output THz wave. Alternatively, changing the stacking
order of Al and Co changes the direction of spin current
injected into Al, which also causes a reversion of the polarity
of the emitted THz pulses. The above discussion remains
applicable when IREE dominates THz emission process.

As is well known, Co is a promising component for the
FM/NM combination. An unexpected metal is Al as an ef-
ficient converter for spin current. In general, to get efficient
THz emission, heavy NM metals, such as Pt, W, and Ta, which
own strong spin-orbit coupling, were adopted. As the lightest
metal except Li, Na, and Mg, Al has long been ignored as a
spintronics material due to its weak spin-orbit coupling.

We also investigated the FM/Al sample by replacing Co
with Fe or NiFe and observed considerable THz emission
similar to the Co/Al combination. The intensity of the THz
radiation is more or less the same for different systems (not
shown). It means that the THz emission is a general property
of the Al-based bilayers excited by femtosecond laser.

As discussed above, the THz emission indicates the occur-
rence of spin-to-charge conversion that is produced by either
IREE or ISHE. To elucidate the mechanism for spin-to-charge
conversion, we conducted a further experiment by inserting an
ultrathin Cu spacer between Co and Al. In this case, the IREE,
which is an interfacial effect, will be strongly depressed. In
contrast, the effect of a Cu spacer on ISHE should be weak
since Cu is a good conductor with a spin-diffusion length of
hundreds nanometers [33]; it can efficiently deliver the spin
current from Co to Al. One more advantage to incorporation
of a Cu spacer is to avoid Co-Al alloying which may affect the
spin Hall angle of Al.

The measured THz emission signals of SiO2/Co(3 nm)/
Cu(tCu)/Al(4 nm)/Al2O3 samples are depicted in Fig. 2(a),
where the layer thickness of Cu ranges from tCu = 0 to 8 nm.
With the incorporation of Cu, the detected signals display
smooth decrease with the thickness of Cu. As a quantitative
measure of the THz signal, the peak-to-valley amplitude of the
THz wave was determined. Notably, the THz signal remains
strong in the presence of a Cu spacer, slightly decreasing
from 67 a.u. for tCu = 0 to 53 a.u. for tCu = 1 nm [Fig. 2(b)].
Generally speaking, a Cu layer of 1 nm is enough to

reconstruct interface, destroying IREE if the latter exists. We
therefore come to the conclusion that it is the ISHE rather
IREE is response to the spin-to-charge conversion observed
here. As for the continuous decrease of the THz signals
with tCu, it could be ascribed to the enhanced interfacial
scattering or the decrease in impendence of the sample [see
Eq. (1) below] when Cu is incorporated. The latter may be the
main reason. A similar phenomenon was also observed in the
Co/Cu/Pt multilayers, where the electric-field strength of the
THz signal shows a nearly linear decay with the thickness of
the Cu interlayer [34].

To identify the main factor determining THz
emission, we conducted further experiments for the
SiO2/Co(3 nm)/Al(tAl)/Al2O3 stacks, which have a
fixed Co thickness (3 nm which is thicker than the dead
layer) but different Al layers (0–15 nm). THz pulse is
obtained in all samples though its amplitude varies with
tAl [Fig. 3(a)]. tAl = 0 corresponds to a single Co layer
and the corresponding THz signal is negligible. With the
increase of thickness of Al, as shown in Fig. 3(c), the THz
amplitude experiences first a considerable increase and
then, after a maximum of 67 a.u. at tAl = 4 nm, a smooth
decrease. It is ∼3 a.u. at tAl = 15 nm, only 0.3% of the
maximum intensity. This thickness dependence of THz
amplitude once again implies that the THz radiation of Co/Al
is bulk effect rather than an interfacial effect. In a typical
FM/NM heterostructure, spin polarized current induced by
the ultrafast laser pulse will diffuse into the NM layer, where
spin current is converted to transient charge currents by ISHE
and generate terahertz radiation. Increasing tAl thickness
will increase the traveling distance of spin current in Al,
enhancing the conversion probability into charge current.
This explains the increase of THz signals with tAl. As for
the long tail for thick Al, it can be ascribed to reduced
impedance of the sample. As well established, the THz field
ETHz is determined by ETHz(t ) = Z ∂Jc(t )

∂t , where Jc(t ) is the
total charge current in the emitter, and Z is the impedance,
which represents the efficiency of the conversion of a charge
current into electromagnetic wave radiation. Increasing tAl

will cause a decrease of Z. The competition between the two
processes leads to the complex dependence of THz amplitude
on tAl.
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FIG. 3. THz emission signals of (a) SiO2/Co(3 nm)/Al(tAl )/Al2O3 samples and (b) SiO2/Co(3 nm)/Pt(tPt )/Al2O3 samples. (c) The NM
layer (Al and Pt) thickness dependence of the THz amplitude for Co/Al and Co/Pt spintronic THz emitter. The symbols and lines reveal the
experimental and theoretical results, respectively. (d) Electrical conductivity as a function of the layer thickness, obtained by measuring the
THz transmission spectrum of the samples in (a) and (b). Solid line in (d) is a guide for the eye.

We also investigated the influence of the thickness
of Co layer. Setting layer thickness to 4 nm for Al
while varying Co thickness from 1 to 8 nm in the
SiO2/Co(tCo)/Al(4 nm)/Al2O3 stacks, we also observed a de-
pendence of the THz emission on film thickness. The optimal
Co thickness is 4 nm. The presence of magnetic dead layer
makes the ultrathin Co layer inactive as spin current source.
However, thick Co layer is disadvantageous either. Due to
the limited spin-diffusion length of Co, only spin-polarized
electrons within a certain distance from the FM/NM interface
can be injected into Al, while the remaining part of Co leads
to a reduction in impedance, disfavoring THz emission. As
demonstrated above, the optimal structure for THz generation
is SiO2/Co(4 nm)/Al(4 nm)/Al2O3.

To get a quantitative idea on the THz amplitude of the
Al/Co bilayer, we provided the results in Fig. 3(b) for the
typical THz generator SiO2/Co(3 nm)/Pt(tPt )/Al2O3 (tPt = 0
to 15 nm), obtained under exactly the same experimental con-
ditions as for the Co/Al stack. The layer thickness dependence
of the THz amplitude was also included in Fig. 3(c). The max-
imal THz electric-field amplitude is ∼179 for tPt = 2–3 nm.
This is understandable since Pt owns a large spin Hall angle,
θSHE = 3.0% [31]. An unexpected observation is that the THz
signals of Co/Al are comparable to those of Co/Pt (179 a.u.
versus 67 a.u.) while the spin Hall angle of Al is lower by two
orders of magnitude than that of Pt (θSHE = 0.032% at 4.2 K;
its value is unavailable at room temperature) [30]. This work
uncovers hidden aspects of light metal/alloy.

IV. DISCUSSION

To get an in-depth understanding of the mechanism for
THz generation, a theoretical analysis of the experimental
results is required. As mentioned earlier, the intensity of the
THz pulse field ETHz generated by injected spin current has
the form ETHz(t ) = Z ∂Jc(t )

∂t . Considering the shunting effect of
the parallel connected FM and NM layers, the impedance Z
can be expressed by

Z = Z0

1 + n + Z0(σFtF + σNtN)
, (1)

where Z0 = 377 �, is the impedance of the vacuum; n =
3.2 is the refractive index of the Al2O3 substrate at THz
frequencies; tF and tN are the thicknesses of the ferromagnetic
and nonmagnetic layers, respectively; σF and σN are the corre-
sponding electrical conductivities. Direct derivation yields the
expression for charge current:

Jc(t ) = 2e

h̄
W

∫ tN

0
θSHE js(z, t )dz (2)

where θSHE is the spin Hall angle of the nonmagnetic layer,
js(z, t ) is the spin current density in the NM layer, W is the
width of the excited area in the x direction. js(z, t ) has a
simple form:

js(z, t ) = js(0, t )
sinh

[ tN−z
λ

]
sinh

( tN
λ

) , (3)
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where js(0, t ) = js(0) js(t ) is the spin current density as time
at the FM/NM interface (z = 0), λ is the spin-diffusion length
of the NM layer. Substituting Eq. (3) into Eq. (2) we obtained

Jc(t ) = θSHE js(0) js(t ) tanh

(
tN
2λ

)
λ

2e

h̄
W. (4)

Equations (2)–(4) have already established to describe the
effect of spin pumping [35,36]. The value of spin current
density at the FM/NM interface can be expressed by

js(0) = PabstF
tF + tN

θscT , (5)

where Pabs is the laser power absorbed by the FM/NM bilayer,
and the absorption of the femtosecond laser pulse by the
FM layer can be approximately PabstF/tF + tN. θsc is the laser
energy-spin current conversion coefficient of the FM layer,
and T is the transmittance of the spin current from the FM
layer into the NM layer. Combining Eqs. (1) and (4), we
can get a theoretical expression for the THz electric-field
amplitude:

ETHz = ETHz(tp) − ETHz(tv)

= θSHE jp,v
s,t

PabstF
tF + tN

θscT

[
Z0

1 + n + Z0(σFtF + σNtN)

× tanh

(
tN
2λ

)]
λ

2e

h̄
W, (6)

where tp and tv are the times when the THz electric field
reaches its maximum and minimum, and jp,v

s,t = ∂ js (t )
∂t |tp −

∂ js (t )
∂t |tv determines the wave form of the THz pulse. In this

equation, λ and θSHE jp,v
s,t θscTW are adjustable parameters

while others can be experimentally determined.
When the THz pulse is transmitted through the metallic

nanofilms, it will be attenuated, and the attenuation amplitude
is dependent on the film thickness and conductivity. The rela-
tion between THz transmission and conductivity is [2,6,37]

E

E0
≈ 1 + n

1 + n + Z0(σFtF + σNtN)
. (7)

E0 is the THz amplitude transmitted through the bare Al2O3

substrate, and E is the one transmitted through the FM/NM
deposited on the same Al2O3 substrate. Based on this
equation, the conductivity of the Co and Al layers can be
obtained by measuring the THz transmission spectrum of the
sample. The conductivity of the 3-nm-thick Co bare layer
was obtained from the THz transmission spectrum of the
SiO2/Co/Al2O3 control sample. Assuming that the Co layer
remains unchanged in the bilayer sample, based on the E/E0

ratio and the known σF value, σN can be directly calculated.
Figure 3(d) shows the conductivity as a function of
layer thickness. In the SiO2/Co(3 nm)/Pt(tPt )/Al2O3

samples, interestingly, σPt takes nearly constant values
around 6 × 106 �−1 m−1, independent of film thickness
of Pt. In contrast, σAl is strongly dependent on tAl for
SiO2/Co(3 nm)/Al(tAl)/Al2O3. It grows from 4.19 ×
104 �−1 m−1 to 1.07 × 107 �−1 m−1 when tAl increases from
1 to 15 nm, enhanced more than two orders of magnitude.
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FIG. 4. The pump beam absorbance of the Co/Al and Co/Pt
spintronic THz emitter as a function of Al or Pt layer thickness,
respectively.

Adopting the experimentally derived conductivities, the
measured pump beam absorbance Pabs/Pin (see Fig. 4) and
the constant parameter n = 3.2 and Z0 = 377 �, we simulated
the ETHz-tN relation based on Eq. (6) for the Co/Al and Co/Pt
combinations. As shown in Fig. 3(c), the agreement between
calculated and measured results is excellent with suitable λ

and θSHE jp,v
s,t θscTW . The deduced spin-diffusion length is

λAl = 2.2 ± 0.2 nm in the Al film and λPt = 2.3 ± 0.1 nm
in the Pt film. The spin diffusion in Pt has been widely
investigated [31,38–40] and our value 2.3 ± 0.1 nm is in the
range previously reported. The spin-diffusion length in Al is
scarcely reported, and these limited reports suggest a value of
hundreds of nanometers [41]. We have tried fitting the ETHz-tN
relation using longer λAl but failed to achieve a satisfactory
result. At present, we cannot understand the big gap between
the present and previous values. For the present sample, we
prefer a short spin-diffusion length because of the remarkable
THz emission which implies a strong SOC.

Furthermore, the deduced θSHE jp,v
s,t θscTW parameter is

larger than by a factor of 5.42 for Co/Pt than for Co/Al. Due
to the similar THz pulse wave form and the same the FM
layer, jp,v

s,t θscW is approximately equal for Co/Pt and Co/Al.
Therefore, θSHET is larger than by factor of 5.42 for Co/Pt
than for Co/Al. The spin Hall angle of Pt is θSHE = 3.0%
when combined with Co, as determined by the spin pumping-
induced ISHE measurement [31]. In the case of the maximum
transmittance limit (T = 1), the θSHE will be 0.55% for Al.
Notably, the enhanced spin Hall angle cannot be a result
of Co-Al intermixing since we also observed strong THz
emission after introducing a Cu spacer (Fig. 2). The sizable
spin Hall angle of Al is consistent with the considerable
THz emission and short spin-diffusion length. At present, the
physical origin of the enhanced spin Hall angle of Al is still
not clear. Further experiments such as spin pumping and spin
Seebeck effect are required to uncover the underlying physics.

It is worth mentioning that σAl is much smaller than
σPt when the thickness is below 5 nm, and σCo and σAl

are almost equal around 3 nm (Fig. 3). Therefore, the
SiO2/Co(3 nm)/Al(tAl)/Al2O3 sample has a large impen-
dence. Meanwhile, the similar σAl and σCo will support an
efficient transmittance for spin current from Co into Al. These
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features of our sample make up for the small spin Hall angle
of Al, resulting in a considerable THz emission. The present
work indicates that strong THz emission can also be obtained
if the sample has perfectly matched conductivities and high
impendence.

V. CONCLUSION

We have systematically investigated the THz emission of
Co/Al heterostructure with different layer thicknesses for Al.
Considerable THz radiation is observed after the femtosecond
laser pumping, with the intensity close to one-third of the
Co/Pt THz emitter, though the spin Hall angle of Al is much
smaller than that of Pt (0.03% at 4.2 K versus 3%). We found
evidence that this effect stems from ISHE. The experimental
results can be well described by the corresponding theoretical
model. A further analysis indicates that the upper limit of the
spin Hall angle of Al is 0.55% and the spin-diffusion length

is 2.2 ± 0.2 nm for Al. This work opens up the possibility
to efficiently generate THz emission from light metals based
on spin-to-charge conversion. Further work is still required to
shed light on the anomalous THz emission of the FM/light
metal structure.
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