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Spintronic thin films are considered as one of the promising terahertz (THz) source candidates, owing to their high per-
formance and low cost. Much effort has been made to achieve spintronic THz sources with broadband and high conversion
efficiency. However, the development of spintronic THz emitters with good compatibility, low cost, and miniaturized tech-
nology still faces many challenges. Therefore, it is urgent to extend commercial and portable spintronic THz emitters to
satisfy many practical applications. Herein, we design a new generation of spintronic THz emitters composed of an alter-
nating electromagnet and a miniaturized electronic controller. Not only can this new type of spintronic THz emitter largely
simplify the ancillary equipment for spintronic sources, it also has a twice larger THz signal compared to the traditional THz
time-domain spectroscopy systems with a mechanical chopper. Experimental results and theoretical calculations for
electromagnetic coils show that our design can stably generate THz signals that are independent of the frequency and
magnetic field of alternating signals. As the spin thin film is optimized, a magnetic field as low as 75 G satisfies the require-
ment for high performance THz emission. Hence, not only is the efficiency of the pump power enhanced, but also the driving
current in the electromagnet is decreased. We believe that it has a wide range of applications and profound implications in
THz technology based on spintronic emitters in the future.
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made a great progress on PCA THz emitters, it is difficult
for complex materials and nano-structures to be applied in
extensive commerce. Another important constraint is the high

1. Introduction

The research of terahertz (THz) technologies provides fascinat-

. . . [1-5] 1. . . [6-8] .

ing I;a}?fo]for maging: Bllolr;l]edlcéne ke ogjucal fr.eﬂulgr}i:]y optical pump power. Considering a nonlinear increase, the out-
combs ™, communication »and security 1aghosis ' put THz power reaches saturation with the increase of pump
Thus, researches on strong and broadband THz emitters have [21]

power'” -, and many interdigitated electrode structures on the
THz emitter are studied for efficient incidence of the optical
pump!?>?*!. A large emitter area, however, causes a higher bias
voltage and phase interference problems compared to a point
source.

earned considerable attentions!'”). Nowadays, the commercial
THz source is mainly photoconductive antennas (PCAs), due
to its integration and miniaturization. However, there are huge
limitations on the cost, bandwidth, and conversion efficiency for
commercial PCAs!"®!. In the past decade, steps have been taken

to ameliorate the situation. Different nano-electrode structures
via plasmonic field enhancement to improve the optical-to-THz
conversion efficiency!'”'®), as well as various photoconductive
materials for excellent carrier mobility!"®! and breakdown volt-
age'®®), have been investigated. Although these researches have

© 2022 Chinese Optics Letters

043201-1

Based on inverse spin Hall effect (ISHE)?*?!, where an out-
of-plane-directed spin current j; is converted into an in-plane
charge current j, the spintronic THz emitters (STEs) sub-
sequently open up new prospects owing to their energy effi-
ciency and low cost. In the multilayer heterostructures
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consisting of ferromagnetic (FM) and non-FM (NM) metal thin
films, ultrafast photo-induced spin currents can be converted
into ultrashort pulse charge currents, yielding the THz radiation.
Works on multilayers for the generation of spintronic THz sig-
nals have been widely reported, such as Co/Pt*®!, TbFe/Pt*”],
W/CoFeB/Pt?7*% and topological insulator/FM layer!®' =],
Therefore, the trilayer structure, compared with bilayer, makes
full use of spin current diffusion on the double interface, which
can enhance conversion efficiency of the charge current. In 2013,
the exploratory research on double-layer spin thin film obtained
a weak THz signal and the performance among different heavy
metals®®!. Thereafter, Seifert et al. investigated a new generation
of trilayer heterostructures as the spin thin film structure,
wherein this structure not only improves the performance of
THz signals, but also widens the bandwidth to 30 THz!*®.
Recently, Sun et al.*"! reported that a novel interlayer structure
between a topological insulator and ferromagnet could achieve
more efficient spin-charge interconversions. However, it is
costly to implement this technology on a mass basis so far.
Unlike complex structures, an FM metal thin film stack struc-
ture as a THz source qualifies the demand for cost-effective
and reliable technology of prominent THz signal and band-
width. In addition, at present, the existing THz time-domain
spectroscopy (TDS) systems based on spintronic THz sources
are usually set up in free space’®”*®!. Thus, a lot of external
equipment with high cost and large size is needed, e.g., the
mechanical chopper and its controller'®”. Considering the com-
plex ancillaries for spintronic THz sources, commercially mar-
keted as portable equipment, is a burning question, whereas
studies on STEs for portability and energy efficiency are lacking
in the main literature. Gueckstock et al.'*! combined a perma-
nent magnet with a square wave for modulating THz polariza-
tion. However, THz polarization is a sinusoidal wave with the
change of a single sinusoidal electromagnet. It is difficult to cre-
ate a specific polar angle.

In this work, we design a unique structure for encapsulating
STEs composed of a W/CoFeB/Pt trilayer heterostructure to
enhance the pump power efficiency and downsize the external
equipment. Thus, spintronic emitters can be expected to be used
for PCAs to become new portable THz sources, which provide
more possible optical paths for THz research, such as radar and
angular deflection. In our THz-TDS system, the cumbersome
mechanical chopper and its controller are replaced by an
electromagnet composed of two electromagnetic coils and a
function generator circuit module, which are with low cost,
compact, compatible, and highly efficient. Furthermore, the
generated THz signal is doubled, and the laser energy efficiency
is improved simultaneously. Besides, this design can potentially
serve as a more efficient THz polarization controller via integrat-
ing two orthogonal electromagnetic fields. Using the generator
circuit module, not only can the sinusoidal THz polarization be
created easily, but also the specific polar angle can be set by
switching the alternative current to the direct current (DC).
The new electrically driven module can also be expanded to
other types of STEs.
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2. Results and Discussion

A sketch of the device structure used for THz emission is shown
in Fig. 1. In our design, the STEs fixed in an alternating electro-
magnetic field generate THz pulses upon the spatial photoexci-
tation of an 800 nm femtosecond laser. We electro-optically
sample the generated THz pulses emitted by the charge current

j, P42 The details of the sample and electromagnetic coils

are discussed in Supplementary Materials. A series of alternative
electromagnetic fields are selected in our experiment, such as
square waves with different frequencies and different ampli-
tudes. Significantly, the necessary but cumbersome equipment
in the traditional THz measurement optical system, such as
the chopper that is used to modulate the pump laser and the
external magnet used to magnetize the FM layer of the STEs,
is successfully replaced by the alternating magnetic field induced
by the two electromagnetic coils.

Figure 2(a) shows the main circuit diagram of a power supply
system to generate an alternating electromagnetic field. As
shown in Fig. 2(a) and Fig. S2(e) in Supplementary Materials,
the power system is mainly composed of a function generator,
a power amplifier, and a voltage source. In the power supply

Coils
Coils

Fig.1. Schematic of spintronic film THz emission with alternating electromag-
netic coils.
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Fig. 2. (a) Power supply circuit for the electromagnetic coils to produce the
alternating magnetic field. (b) Magnetic field versus current and correspond-
ing theoretical calculation for electromagnetic coils.
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system, the function generator is connected to the circuit to sup-
ply a small pulse signal with adjustable frequency and amplitude.
Then, the small signal is amplified 44 times by a power amplifier,
which is connected to the voltage source. As a result, an ampli-
fied pulse signal supplies the two electromagnetic coils, and an
alternating magnetic field is induced. The hand-made coils are
used in the system and are supervised by an oscilloscope, as
shown in Fig. 2(a). The preparation and theoretical calculation
of the electromagnetic coils are given in Supplementary
Materials. To verify the reliability of the generated magnetic
field, a comparison with the theoretical value is exhibited in
Fig. 2(b), where the abscissa is current, corresponding to the
amplitude from the oscilloscope. It is easy to see that the value
of the generated magnetic field is comparable to the theoretical
calculation, as well as increasing linearly with the current flow-
ing in the coils.

In Fig. 3(a), with the wave signal from the function generator
reversing, the signal in the coils reverses at the same time when
supervised by the oscilloscope. In fact, a small delay (< 4 ps) of
the voltage signal occurs between the command from the func-
tion generator and the generated alternating magnetic field, and
it could be ignored. From the oscilloscope, we can find that the
waveform in the circuit almost stays consistent with the function
generator. Then, the periodic signal can be used for equivalent-
time sampling. Based on the equivalent-time sampling tech-
nique, a periodic signal is required for implementing THz
time-domain waveform measurements'**~**, and, in general,
a chopper is selected to provide the periodic signals. For better
understanding, a sketch of the chopper with a duty cycle of 50%
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Fig. 3. (a) Square waveforms detected from the function generator and the
oscilloscope. (b) Simplified waveforms for laser modulation by a chopper and
electromagnetic field modulation by a function generator. (c) THz signal wave-
forms from the W/CoFeB/Pt spintronic film measured by a THz emission sys-
tem, where two reverse directions of the direct current (DC) and alternating
current (AC) flow in coils with chopper (w/ chopper) and without chopper (w/o
chopper), respectively. (d) THz signal waveforms from the W/CoFeB/Pt spin-
tronic emitter with the original start level (orange line) and a z phase differ-
ence start level (gray dash line).
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used for pump laser modulation is shown in Fig. 3(b) (the
detailed procedure is shown in Supplementary Materials), and
its frequency is 184 Hz. Generally speaking, the chopper can
only provide a square pulse, and then the low level output is zero
[see blue line in Fig. 3(b)]. The pump laser is underutilized in the
THz signal test system during the period of low level (0). For the
sake of more sufficient energy utilization, the chopper is
replaced by applying an alternating square wave signal with a
frequency of 184 Hz [see orange dash line in Fig. 3(b)]. In this
case, an alternating current with square wave flows through the
electromagnetic coils, meaning that there are two opposite direc-
tions magnetized in the FM layer in one period. Therefore, the
connection between THz emission and magnetization is shown
as follows!>*4*-4¢);

ETHZ x M X Uy (1)

where Ery, is the electric field intensity of the THz signal, M is
the FM magnetization, and u, is the unit vector along the x axis
in Fig. 1. Thus, the measured value of the THz signal is equal to
Ery, — (—E7y,) based on the equivalent-time sampling. This
results in a generated THz signal that can be detected, as shown
in Fig. 3(c) (orange line). It is interesting that the generated THz
signal via electromagnetic modulation is 2 times larger than the
chopper-modulated one under the same pump laser. This
mechanism can be applied to other fields like photoconductive
switches. We also find that the electromagnetic coils are compat-
ible with the traditional chopper. As shown in Fig. 3(c), two THz
signal waveforms (blue line and gray dash line) are measured by
a THz emission system with a chopper, where two reversed
directions of DC flow in the coils, respectively. We conclude that
the STEs integrated with two electromagnetic coils are compat-
ible with the common chopper. The details of the experiment
can be seen in Supplementary Materials. In a comparison of
the traditional chopper and its controller in Supplementary
Materials Fig. S2(a)-S2(c), the miniaturized circuit module [in
Supplementary Materials Fig. S2(e)] is 5 times smaller. Besides,
the STEs with electromagnetic coils [in Supplementary
Materials Fig. S2(d)] can save more space than permanent
magnets.

Moreover, the STEs integrated with two electromagnetic coils
are flexible for adjusting the phase of the generated THz signal.
As shown in Fig. 3(c), the THz signal (the gray dash line) phase
becomes opposite when an opposite DC is applied on the
electromagnet. It meets the expectation that upon reversing
the direction of the magnetic field, the generated THz signal
experiences a sign reversal. Figure 3(d) shows the generated
THz signal when the alternating voltage starts at a different level
(1 or —1). In Fig. 3(d), the orange line represents the THz signal
when the alternating voltage starts at the high level (1).
Conversely, the gray line represents the THz signal when the
alternating voltage starts at the low level (—1). We can find that
the generated THz signal experiences a sign reversal because of
the sign reversal of the generated magnetic field. Therefore, in
our system, we can easily switch the starting level by program-
ming the function generator to yield two opposite signs of THz
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signals. In other words, we can say that the 7 phase difference of
the generated THz signals via electric control can be achieved
easily and efficiently in this system, which is promising in
THz communication.

Lastly, THz signals are surveyed in the W/CoFeB/Pt sample
with different frequencies of alternating voltage applied on
the electromagnet [Fig. 4(a)]. It is worth mentioning that the
peak value of the THz wave is relatively stable below 1 kHz.
In addition, we measured the THz field with a 2 mm thick
ZnTe crystal in a N, atmosphere, whose bandwidth extends
from 1 to 2.5 THz. Figure S3 of Supplementary Materials shows
the corresponding amplitude spectra of THz signals from the
STE via the fast Fourier transform at the frequency. Above
1 kHz, the peak value of the THz wave decreases with the
increase of the frequency, but the shape of the THz waveform
remains unchanged. The peak values of the THz signal extracted
from Fig. 4(a) are plotted in Fig. 4(b).

There is an obvious inflection point around 1884 Hz and a
sharp fall after it [see fitting curve in Fig. 4(b)]. Besides, a
67% drop from 984 Hz to 6884 Hz is observed in Fig. 4(b).
This illustrates the negative effects of the electromagnet on
the THz signal when the frequency applied on the electromagnet
exceeds the repetition rate of the laser pulses. The alternating
magnetic fields with different intensities are further investigated
via changing the amplitude of the square voltage on the electro-
magnet from 2 mV to 300 mV, which is the voltage on the coils
before amplification. It can convert into the current and mag-
netic field by the Biot-Savart law in Supplementary Materials.
As shown in Fig. 4(c), the THz waveforms under different volt-
ages remain their shapes. Although the peak value of the THz
signal, shown in Fig. 4(d), increases sharply with the increase
of the magnetic field, it is relatively stable above the saturation
field (100 mV). Because the magnetic field cannot fully magnet-
ize the FM layer when below the saturation magnetic field, the
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Fig. 4. (a) THz signal waveforms and (b) the peak value of the THz signal under
different frequencies from 84 Hz to 6884 Hz. (c) THz signal waveforms and
(d) the peak value of the THz signal under different square wave amplitudes
from 2 mV to 300 mV.
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weaker magnetic field is used, and the current creates less
charge®®. Note that the peak value of the THz signal is indepen-
dent of the electromagnet voltage after reaching the saturation
field. According to the experiment data in Fig. 2(b), the satura-
tion field value is exceedingly low (75 G), indicating the STEs
work even with a low magnetic field. In terms of electromagnetic
coils, a smaller current flowing in them avoids more serious heat.
Avoiding unwanted heating for the instruments in practical
application not only extends the service life but saves energy.

3. Conclusions

In conclusion, we have exhibited a novel miniaturization circuit
design for a W/CoFeB/Pt sandwich heterostructure as a poten-
tial commercial THz emitter. The superiority of an alternating
electromagnet with a miniaturized control circuit has been stud-
ied by comparing it with the cumbersome chopper in the THz-
TDS system. Through the special design, a 2 times larger THz
time-domain signal is obtained on a spin thin film, indicating
full utilization of the pump power in comparison to a traditional
THz-TDS system. Note that a small magnetic field, 40 G, can
allow the spin thin film to generate a THz signal, meaning that
a small space and current can meet the requirements for a drive
circuit. Simultaneously, we have demonstrated the stability of
our STE below 1 kHz square wave signal modulation, while a
modulation frequency higher than the repetition rate of the laser
has a negative effect on the performance of the emitter. The
demonstration is based on the common spin thin film, but
the approach of curtailing the STE space can be efficiently
applied in both free space and optical-fiber systems.
Therefore, our design is a promising route for further develop-
ment of THz applications.
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