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Efficient and temperature-independent terahertz emission from CoFeB/NiCu heterostructures
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Spintronic terahertz (THz) emission has been investigated in ferromagnetic (FM) metal/nonmagnetic (NM)
metal, FM/semiconductor, and FM/topological insulator systems. However, THz emission in the heterojunction
of FM and 3d transition light metal is rarely reported. Large spin Hall angles have been observed in a light metal
alloy of the 3d transition metal NiCu, allowing for the emission of high-performance THz waves without the use
of heavy metal. Here, we present a comprehensive study of THz emission from a CoFeB/NiCu heterostructure,
with peak intensity of emitted THz pulses up to half that of CoFeB/Pt. The THz radiation from CoFeB/NiCu is
shown to be generated by the spin-to-charge conversion in NiCu via the inverse spin Hall effect. The evolution
of the THz signal of CoFeB/Ni70Cu30 across Ni70Cu30 Curie temperature is also explored, and it is discovered
that the THz emission signal in this sample is temperature independent and unaffected by the magnetic state of
Ni70Cu30. Our findings highlight the great potential of light metal alloys containing 3d transition elements as
spintronic THz emitters. Moreover, it has been demonstrated that THz emission spectroscopy is a helpful tool
for investigating inverse spin Hall effect or anomalous Hall effect in ferromagnets.
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I. INTRODUCTION

Terahertz wave shows frequencies in the resonance win-
dows of many materials, which makes great potential applica-
tions in material analysis, imaging, communication, and spec-
troscopy, etc. [1–5]. The development of high-performance
THz sources is still a hot topic in THz technology. Tra-
ditional THz waves are commonly generated by transient
electrical currents in photoconductive antennas [6–9], optical
rectification from electro-optical crystals [10–12], and plasma
oscillations [13–15]. Spintronic THz emission based on spin-
to-charge conversion has recently received a lot of attention
due to its advantages in terms of intensity, bandwidth, and low
manufacturing costs [16–18]. This spin-to-charge conversion
is mostly based on the heterojunction structure of ferromag-
netic (FM) and nonmagnetic (NM) thin films, via inverse
spin Hall effect (ISHE) [19,20] and inverse Rashba-Edelstein
effect (IREE) [21–23], radiating THz wave. The FM/NM
system has been the subject of previous research. The NM
layer is mainly composed of heavy metals with large spin
Hall angles (SHAs), such as Pt, W, Ta, and Ir [16–18,24,25].
Aside from heavy NM metallic materials, other materials with
an inverse spin Hall effect have been studied in spintronic
THz radiation, including semiconductors [26,27], topological
insulators [28], and even light metals [29]. However, the in-
tensity of THz signals from light metals is much lower than
that of heavy metals due to the low spin-orbit coupling (SOC)

*qphuang@ustc.edu.cn
†yllu@ustc.edu.cn

of light metals. For example, the THz signal emitted by a
Co/Al heterostructure is roughly one-third that of a Co/Pt
heterostructure [29]. It is still worth looking for a light metal
with a higher spin-to-charge conversion in the spintronic THz
emitter.

In general, SOC in light metals is typically low. However,
a light metal alloy of 3d transition metal NiCu can achieve a
high SHA of 4.1%, comparable to Pt [19,30–33]. Therefore,
high-performance THz radiation can be generated in NiCu
metal using ISHE. Furthermore, the Curie temperature of
NiCu metal is sensitive to compositional stoichiometry [34].
And the NiCu is in the paramagnetic state above the Curie
temperature (Tc), while below Tc it is in the ferromagnetic
phase [30–32]. Therefore, NiCu is an excellent material for
studying THz emission in the FM/FM system, which has
received little attention. In addition, in ferromagnetic metals,
the link between the spin Hall effect (SHE) and the magnetic
order has been reported with different results [31,32]. THz
emission spectroscopy (TES) may be useful for analyzing
the effect of the ferromagnetic-paramagnetic transition on
the SHE/ISHE because TES is an appealing technique for
studying ultrafast spin dynamics with subpicosecond time
resolution [35–37].

In this work, we investigate the THz emission from a
light metal alloy of 3d transition metal NiCu based on the
CoFeB/NiCu structure. The Co40Fe40B is used to generate
spin current under femtosecond laser irradiation, while the
NiCu layer converts spin to charge, radiating the THz wave.
The maximal THz amplitude from CoFeB/Ni70Cu30 is found
to be nearly half that of CoFeB/Pt. It is demonstrated that
the THz radiation from CoFeB/NiCu is generated by the
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FIG. 1. (a) Schematic illustration of THz emission from CoFeB/NiCu heterostructure. The sample is excited by a femtosecond laser beam
with 800 nm wavelength and 35 fs pulse duration along the z axis from the SiO2 substrate side. An external magnetic field with 70 mT is
applied to orient the magnetic of CoFeB along the y axis. (b) The typical THz pulse emitted from the CoFeB/NiCu heterostructure detected by
the electro-optical sampling of the 500-μm-thick ZnTe(110) crystal. The inset shows the THz emission dependent on the incident laser power
from the CoFeB/Ni60Cu40 heterostructure. (c) THz wave forms emitted from CoFeB/Pt, CoFeB/Ni60Cu40, CoFeB/Ni70Cu30, NiCu film, and
CoFeB film, respectively. (d) Fourier-transformed spectrum of (b).

spin-to-charge conversion via the inverse spin Hall effect in
NiCu. The evolution of the THz signal of CoFeB/Ni70Cu30

across Curie temperature of Ni70Cu30 is also investigated, and
it is realized that the THz signal in this sample is insensitive to
the magnetic state of Ni70Cu30. We also replaced the CoFeB
layer with Ni having a large SHA and demonstrated that
the CoFeB/NiCu structure is insensitive to the temperature
because the SHA of CoFeB is small. This study shows that
light metal alloys of 3d transition elements with large spin
Hall angles have potential as spintronic THz emitters in both
their paramagnetic and ferromagnetic phases. THz emission
spectroscopy, on the other hand, can be used to study the ISHE
in ferromagnets.

II. EXPERIMENT

Figure 1(a) shows the schematic of the device structure.
The CoFeB/NiCu heterostructure was grown on a 500-μm-
thick SiO2 substrate by magnetron sputtering. The pressure
of the sputtering chamber was below 2 × 10−6 mTorr. For
the ferromagnetic layer, we choose the Co40Fe40B because
it is a good spin injector. Two kinds of NiCu thin films
were sputtered on top of CoFeB from Ni60Cu40 and Ni70Cu30

targets, respectively. The sample was further protected by a
2–3 nm SiO2 layer. The thicknesses of the CoFeB and NiCu
layers range from 1 to 14 nm. A femtosecond laser beam with

800 nm wavelength and 35 fs pulse duration was incident on
the device along the z axis. The excited beam spot size is
about 3 mm in diameter and 100 mW in power. An external
magnetic field (B) of 70 mT was applied to orient the mag-
netic of CoFeB along the y axis. Terahertz radiation emitted
from the sample with the electric field along the x axis was
detected by the 500-μm-thick ZnTe (110) crystal. The THz
emission experiment was performed at room temperature in a
dry air atmosphere. For temperature dependence experiment,
the CoFeB/Ni70Cu30 sample was put in a cryostat with optical
windows and cooled by liquid nitrogen. More experimental
details can be seen in Sec. I of the Supplemental Material [38].

III. RESULTS

Figure 1(b) shows a typical THz pulse emitted from the
CoFeB (4 nm)/Ni60Cu40 (6 nm) heterostructure, with the
peak at 4.5 ps. The Fourier-transformed spectrum of the
time-domain signal is plotted in Fig. 1(d), covering the
frequency region of 3 THz, which is limited by the electro-
optical detection of a 0.5-mm-thick ZnTe crystal. The inset of
Fig. 1(b) depicts the THz emission from a CoFeB/Ni60Cu40

heterostructure as a function of incident laser power. The
results show a linear power dependence below 50 mW and
saturation behavior above 50 mW. We also measured the THz
emission from the CoFeB (4 nm)/Pt (4 nm) structure, as well
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FIG. 2. (a) THz emissions emitted from the CoFeB (4 nm)/Ni60Cu40 (6 nm) heterostructure measured with excitation on the side of
substrate (front) and films (back) and reversed magnetic field. (b) THz peak amplitude emitted from the CoFeB(4 nm)/Ni60Cu40 (6 nm) as a
function of polarizer angle θ . (c) THz peak amplitude emitted from the CoFeB (4 nm)/Ni60Cu40 (6 nm) as a function of magnetic field rotation
angle � with respect to the positive y axis. (d) THz emissions from the CoFeB (4 nm)/Cu(dCu)/Ni60Cu40 (6 nm) samples, where dCu = 0, 1, 3,
and 5 nm. The data are shifted horizontally for clarity.

as the single NiCu and CoFeB films protected by the SiO2

film, for comparison. As shown in Fig. 1(c), THz signals from
all heterostructure samples revealed similar features, with the
peak at ≈4.5 ps. The amplitude of CoFeB/Ni60Cu40 is about
one-third of that of CoFeB/Pt. We find that the THz ampli-
tude from CoFeB/Ni70Cu30 is nearly half that of CoFeB/Pt,
demonstrating effective THz emission from 3d transition met-
als. Furthermore, no obvious THz signal is observed in the
isolated NiCu and CoFeB films. It implies that THz waves are
generated by the bilayer structure of CoFeB/NiCu.

We use CoFeB/Ni60Cu40 stacks as a sample to further
investigate the properties of the emitted THz wave. At
room temperature, the Ni60Cu40 (Curie temperature Tc ≈
210 K [32]) film is in the paramagnetic phase, and thus the
CoFeB/NiCu bilayers belong to the FM/NM heterostructure
system. In this case, THz emission is generated by spin-to-
charge conversion via either the ISHE in the bulk or the IREE
on the surface. The following is an explanation of the proce-
dure. To begin with, a femtosecond pulse is injected into the
FM layer, causing spin-polarized currents to be excited due
to differences in mobility between the majority and minority
spins. The spin-polarized currents then reach the NiCu film
and are converted to ultrafast charge currents by the ISHE or
IREE, resulting in THz emission. In ISHE, jc ∝ θSHE js × M,
where jc is the charge current, θSHE is the spin Hall angle of
NM, js is spin current, and M is the magnetization of the
FM layer [16]. In IREE, jc ∝ λIREE js × ẑ, where λIREE is
the IREE coefficient and ẑ is the direction of the potential

gradient perpendicular to the interface [39]. The polarization
of the THz wave emitted by ISHE and IREE is relative to the
magnetization of the sample.

We altered the in-plane magnetization of the sample to
modify the spin polarization injected into the NiCu layer. As
illustrated in Fig. 2(a), when reversing the magnetic field, the
phase of the THz wave shifts 180°, indicating the phase of
the THz wave shows a high dependence on the magnetic field.
It is noted that amplitude and time delay of THz emissions
are different when exciting the samples from the side of the
substrate and the films, which originates from the different
refractive indices of the SiO2 substrate in the 800 nm and THz
frequency range. The THz wave phase also shows dependence
with the order of CoFeB and NiCu stacks as the pump beam
incidents on the opposite side of the sample due to changing
the direction of spin current pumped to NiCu film. The THz
peak amplitude, as plotted in Fig. 2(c), is dependent on the
angle � of magnetic field direction with respect to the positive
y axis and exhibits simple cosine curve behavior. The THz
peak amplitude transmitted through an analyzing polarizer
with a rotating angle θ is shown in Fig. 2(b). The intensity
of the THz peak amplitude follows the cos2θ behavior, with
the maximum at θ = 90◦ and 270°, indicating that the emitted
THz field is linear and p polarized.

The results presented above are consistent with the char-
acteristics of spintronic THz emission. ISHE and IREE can
perform the spin-to-charge conversion. And IREE occurs at
the interfaces with broken inversion symmetry and ISHE
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FIG. 3. (a) THz pulses emitted from CoFeB (4 nm)/Ni60Cu4(dNiCu), where dNiCu = 2, 4, 6, 8, 10, and 14 nm. The data are shifted
horizontally for clarity. (b) The THz peak amplitudes dependent on the thickness of NiCu films for CoFeB/Ni60Cu40. The line denotes the
fitted result. (c) THz pulses emitted from CoFeB(dCoFeB)/Ni60Cu40 (6 nm), where dCoFeB = 2, 4, 6, 8, 10, and 14 nm. The data are shifted
horizontally for clarity. (d) The dependence between CoFeB thickness and THz peak amplitude for CoFeB/Ni60Cu40.

happens in the bulk of the metallic system with SOC. To
explore the mechanism of spin-to-charge conversion in NiCu,
we inserted a layer of Cu film between the CoFeB and
NiCu layers. Due to the spin-diffusion length of a hun-
dred nanometers, spin current can efficiently transmit through
the thin Cu film. In this scenario, the effect of ISHE will
not be affected much. Nevertheless, the Cu separator dis-
rupts the CoFeB/NiCu interface and significantly impacts the
interface-related effect of IREE. The THz emissions of CoFeB
(4 nm)/Cu (dCu)/NiCu (6 nm) are shown in Fig. 2(d). When
the thickness of the Cu layer is increased, the THz signal is
attenuated. The decrease in THz signal is attributed to the loss
of spin current in the Cu layer. It is clear that the intensities
of THz amplitudes are still high in the presence of Cu films.
Because the Cu layer is thick enough to destroy the initial
interface, the IREE effect on spin-to-charge conversion is
eliminated. In other words, the ISHE primarily contributes to
the THz wave emitted by CoFeB/NiCu.

Next, we analyze the relationship between THz emission
and the thicknesses of the NiCu layer and the CoFeB layer.
We fixed the CoFeB thickness at 4 nm and deposited the
NiCu films with a thickness that varied from 2 to 14 nm.
THz emissions from CoFeB (4 nm)/NiCu (dNiCu) are shown
in Fig. 3(a), and the THz peak amplitude as a function of NiCu
thickness is plotted in Fig. 3(b). The THz peak amplitude
increases with increasing NiCu thickness and then decreases
with a maximum amplitude at dNiCu = 6 nm. This result is
consistent with the common FM/NM system. Such behavior

can be explained by the spin diffusion in the NiCu layer.
As the NiCu thickness increases, spin currents can diffuse
further and more charge currents can be generated in the bulk,
increasing the THz emission. However, as the NiCu thickness
increases, the sample impedance decreases, reducing the THz
emission significantly. In order to achieve the spin-diffusion
length of Ni60Cu40, we used the model in Ref. [29] to fit the
THz emissions as a function of the thickness of Ni60Cu40. And
the calculated spin-diffusion length is λNiCu = 0.2 ± 0.2 nm.
This spin-diffusion length, however, is an order of magnitude
shorter than that reported in the gigahertz regime with ferro-
magnetic resonance measurements [30,32].

Furthermore, we fixed the NiCu thickness at 6 nm and
changed the CoFeB thickness. As shown in Figs. 3(c) and
3(d), the THz peak amplitude reaches a maximum at dCoFeB =
2 nm and then decreases with increasing CoFeB thickness.
This is due to laser-induced spin diffusion and THz optical
absorption in the CoFeB layer.

Furthermore, we investigate the temperature dependence
of THz emission from the CoFeB (4 nm)/Ni70Cu30 (4 nm)
heterostructure. We used a cryostat to cool the sample from
room temperature to 130 K. Figure 4(a) depicts the THz
radiation emitted by a CoFeB (4 nm)/Ni70Cu30 (4 nm) het-
erostructure at various temperatures. Figure 4(b) shows the
THz peak amplitude as a function of temperature; there is
no discernible change in THz intensity with temperature. Fig-
ure 4(c) shows the M-T curve of Ni70Cu30 films, displaying
the Curie temperature (Tc of ∼250 ± 10 K). Therefore, the
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FIG. 4. (a) THz pulses emitted from the CoFeB (4 nm)/Ni70Cu30 (4 nm) sample measured under different temperatures. The data are
shifted horizontally for clarity. (b) Temperature dependence of THz peak amplitude of the CoFeB (4 nm)/Ni70Cu30 (4 nm) sample. (c)
Saturation magnetic moment vs temperature (M-T curves) for Ni70Cu30 (10 nm). (d) The resistance as a function of temperature of 4-nm-thick
CoFeB and Ni70Cu30 layers, respectively.

Ni70Cu30 film undergoes a phase transition from paramagnetic
to ferromagnetic in the temperature range of 290–130 K.
At room temperature, the Ni70Cu30 film is in the paramag-
netic state, and below the Curie temperature, the Ni70Cu30

film is in the ferromagnetic phase. As a consequence, at
low temperatures, the THz emission from the FM/FM het-
erostructure has an intensity equal to that of the FM/NM
state.

In the case of CoFeB film, Gilbert damping, magnetiza-
tion, and resistivity are nearly temperature independent in
the studied temperature range [40], and its self-induced SHE
is small [41], thus the laser producing spin current in the
CoFeB layer is unaltered. The resistivity of the Ni70Cu30

layer decreases with decreasing temperature, but the relative
change is fairly small, as seen in Fig. 4(d). We believe that
this minor variation in resistivity has little influence on ter-
ahertz emission. Therefore, the temperature-insensitive THz
emission, the spin-to-charge conversion via ISHE in NiCu,
is likewise temperature independent. We conclude that the
ISHE is unaffected by the magnetic order in NiCu, which
is consistent with recent studies done utilizing ferromagnetic
resonance (FMR) [32]. This phenomenon may be explained
by the similarity of the band structure of NiCu in the param-
agnetic and ferromagnetic phases.

The spin Hall angle influences the THz signal emitted by
spintronic THz emission. In Ref. [32], the spin Hall angle of
NiCu is θSHE = 4.1%, which is comparable to Pt [19,32,33].
As a result, the intensity of the THz signal from NiCu is

stronger than that of common light metals. Keller et al. eval-
uated the spin Hall effect in NixCu1−x for x ∈ {0.3, 0.75}
and found that the spin-orbit torque conductivity is greatest
for alloys approaching x = 0.7. This finding could explain
why the THz signal from CoFeB/Ni70Cu30 is stronger than
CoFeB/Ni60Cu40 in our experiment.

In contrast to prior work conducted using FMR [32], the
THz signal remains unaltered even when CoFeB is in direct
contact with NiCu and below Tc. In the previous FMR mea-
surement, it is found that the exchange coupling between the
CoFeB and NiCu makes the magnetization vectors precess
together at resonance, thus the resonance field and linewidth
are modified. For the THz spintronic emission based on the
femtosecond laser pump, the transport of spin-polarized elec-
trons from the CoFeB into the NiCu form the spin current,
and the THz emission is achieved by the ISHE of NiCu. In
this case, the THz emission signal is related to the in-plane
magnetization of the CoFeB layer. We measured the in-plane
magnetic hysteresis loops (M-H curve) of CoFeB/Ni70Cu30

at 300 and 150 K, and the in-plane magnetic moment of
CoFeB/Ni70Cu30 under a magnetic field of 70 mT, with re-
sults shown in Sec. IV of thebSupplemental Material [38]. It is
found that the effect of exchange interaction between CoFeB
and NiCu on the in-plane magnetization of CoFeB/Ni70Cu30

is weak and negligible in our example. And the in-plane
magnetization of CoFeB in the CoFeB/Ni70Cu30 is temper-
ature independent, leading to temperature-independent THz
emission.
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FIG. 5. THz pulses and THz peak amplitude measured under different temperature emitted from the Ni (4 nm)/Ni70Cu30 (4 nm) (a) and
(b), from the Ni (4 nm)/Cu (5 nm)/Ni70Cu30 (c) and (d), and from the Ni70Cu30 (4 nm)/Pt (4 nm) (e) and (f). The data in (a) and (c) are shifted
horizontally for clarity.

Additionally, to explore more effects of the ferromagnetic
phase transition of NiCu on the THz emission, we replaced
the CoFeB layer with Ni with a large SHA and investi-
gated the temperature-dependent THz emission from the Ni
(4 nm)/Ni70Cu30 (4 nm), Ni (4 nm)/Cu (5 nm)/Ni70Cu30

(4 nm), and Ni70Cu30 (4 nm)/Pt (4 nm) structures, respec-
tively. From Fig. 5(f), it is obvious that the THz emission
of the Ni70Cu30 (4 nm)/Pt (4 nm) structure increases with
the decreasing temperature. And the turning temperature is
around 250 K, which is the Curie temperature of Ni70Cu30.
The magnetism of Ni70Cu30 is stronger at low temperatures,
and so is the THz emission. It demonstrates that a Ni70Cu30

layer can generate spin currents at low temperatures, which
may then be converted into charge currents and used to
generate THz radiation when the adjacent layer has a high
SOC.

The THz wave signal emitted by the Ni (4 nm)/Ni70Cu30

(4 nm) heterostructure at different temperatures is shown in
Fig. 5(a). Figure 5(b) depicts the temperature-dependent peak
THz signal. When the temperature is lower than the Tc, the
THz emission signal from Ni/Ni70Cu30 decreases with the
decreasing temperature. Even after inserting a 5-nm-thick Cu
layer into the Ni/Ni70Cu30 structure, the THz radiation signal
remains temperature sensitive, as shown in Figs. 5(c) and
5(d). When the temperature exceeds the Curie temperature,
the Ni70Cu30 is in the paramagnetic phase. In this case, laser-
induced spin currents are generated only in the FM layer, then
injected into the Ni70Cu30 film and transformed into charge
current via ISHE, generating the THz wave. However, as the
temperature decreases below Tc, the Ni70Cu30 film transitions
to the ferromagnetic phase. At this point, the Ni70Cu30 layer
will also generate spin current and inject it into the FM layer.
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If the SHA of the FM layer is as large as that of Ni, the
spin current will be converted to charge current via ISHE or
anomalous Hall effect (AHE), resulting in THz emission that
is the reverse of the previous one. As a result, the overall THz
emission signal is weakened. And the increased magnetization
of NiCu below Tc is the main reason for the decrease of THz
signal. On the other hand, if the SHA of the FM layer is small,
such as in CoFeB, the spin current injected into the FM layer
from NiCu will not or only rarely be converted into charge
current. Thus, it has little effect on the THz signal. In other
words, a modest SHA in the FM layer makes TES experiments
less disruptive. Therefore, it may be more convenient to use
the TES measurement than the FMR measurement to study
the ISHE in FM metal.

IV. CONCLUSION

In conclusion, we have systematically studied the THz
emission from the 3d transition metal in the CoFeB/NiCu
heterostructure. At room temperature, the THz wave shows
similar features of a spintronic THz emitter and the intensity
of the THz emission in the CoFeB/Ni70Cu30 heterostructure

is up to a half of that of CoFeB/Pt bilayer. We have demon-
strated the THz emission is emitted from the spin-to-charge
conversion via inverse spin Hall effect. The temperature de-
pendence of THz emission has also been investigated, and the
experimental results show that THz emission is not affected by
the phase transition of NiCu in the CoFeB/Ni70Cu30 structure.
This is owing to the small SHA of the CoFeB layer. Our
results show that light metal alloys of 3d transition elements
with large spin Hall angles have the potential to be spintronic
THz emitters in both their paramagnetic and ferromagnetic
phases, and that THz emission spectroscopy is an effective
technique for studying ISHE or AHE in ferromagnets.
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