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Abstract: The control and monitoring of the polarization of terahertz radiation are of interest for
numerous applications. Here we present a simple controllable THz emitter with a small coercive
magnetic field. It is based on a Co/WS2/silicon structure, in which the presence of uniaxial magnetic
anisotropy caused by mechanical stress in a ferromagnetic film was found. Our results show that a
ferromagnet/semiconductor emitter can become a technologically simple device for terahertz spintronics.

Keywords: THz emitters; spintronic emitters; THz generation; monolayers; thin films

1. Introduction

The control and monitoring of the polarization of terahertz radiation are of interest
for numerous applications. Here, we present a simple controllable THz emitter with a
small coercive magnetic field. It is based on a Co/WS2/silicon structure, in which the
presence of uniaxial magnetic anisotropy caused by mechanical stress in a ferromagnetic
film was found. Our results show that a ferromagnet/semiconductor emitter can become
a technologically simple device for terahertz spintronics. The terahertz range of electro-
magnetic radiation (0.1–30 THz) has found more and more applications in the last decade,
both existing (determining the chemical composition of a substance [1], visualization [2,3]
biology [4], medical and pharmaceutical sciences [5]) and being developed (next-generation
communication—6G Wi-Fi [6,7]). Such devices require terahertz radiation generators, in
which it is possible to control the parameters of the emitted radiation, such as polarization.
An example of a source of this type is spintronic emitters. The first spintronic emitter was
based on a nanoscale ferromagnet (FM)/non-magnetic (NM) heterostructure. In such an
emitter, THz radiation is caused by spin currents generated in the structure under the
action of short laser pulses [8]. Depending on the material and the structure, different
mechanisms may be responsible for the transformation of the spin current to THz radi-
ation: inverse spin-Hall effect (ISHE) [9–12], Rashba–Edelstein effect (REE) and inverse
Rashba–Edelstein effect (IREE) [12,13]. Previously, several ways of controlling polarization
in spintronic emitters have been proposed: by simply rotating the magnet around the spin-
tronic structure [14] or by creating a complex magnetic field shape [15]. In the TbCo2/FeCo
intermetallic heterostructure with uniaxial magnetic anisotropy, a simple method for con-
trolling the polarization of THz radiation by changing only the current through a magnet
was demonstrated [16,17]. In a terahertz emitter deposited on a piezoelectric substrate, the
possibility of electrically controlling the polarization of THz wave was shown [18,19].

Another disadvantage of spintronic emitters is their efficiency. This challenge can be
solved by using new types of structures. A large number of studies concern new mag-
netic materials, as well as FM/NM pairs (and heterostructures based on them), but there
are works that offer alternative approaches. In [13,20], it was shown that the replace-
ment of a non-magnetic material by a two-dimensional semiconductor (transition metal
dichalcogenide TMD) leads to an increase in the efficiency of generation by an order of
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magnitude due to the effect of superdiffusion of electrons (electrical spin injection [21])
from a ferromagnet into a semiconductor.

In this work, we investigate spintronic emitters Co (Cobalt)/WS2. This FM/TMD
structure demonstrates a magnetic anisotropy, which provides the manipulation of the
polarization of a terahertz wave by changing the magnitude of the magnetic field in both
directions of magnetic anisotropy: “easy axis” EA and “hard axis” HA.

2. Materials and Methods
Sample Description and Study Method

We used a commercial sample of WS2 monolayer on a silicon substrate (Six Carbon
Technology Co., Ltd., Shenzhen, China). The sample was grown by a chemical vapor
deposition method, has dimensions of 10 × 10 mm and was (100) oriented. WS2 covers
the full area of the substrate. The monolayer ratio is over 95%. A thin film of Co (5 nm)
was deposited on WS2/Si by physical vapor deposition. To protect the magnetic layer from
oxidation, a layer of SiO2 with 3 nm thickness was also deposited on top of the Co layer.
The schematic of the sample structure is shown in Figure 1a. The thickness of the layers
was additionally confirmed with a variable angle ellipsometer.
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Figure 1. (a) Schematic structure of the sample and experimental configuration. (b) AFM image of
sample surface with a pseudo color scale. (c) EDX spectrum characteristic of the sample with 3 peaks
correspondent to Co, O, Si. Accelerating voltage is 12 kV.

The structure was examined by atomic force microscopy (AFM) (Figure 1b) and energy
dispersive X-ray spectroscopy (EDX) (Figure 1c). From the AFM images of the surface, the
root means square roughness was found to be less than ~3 nm along the 30 µm line. An
EDX scan was performed with a 12 kV accelerating. The spectrum consists of 3 peaks. A
strong peak near 1.8 keV corresponds to Si substrate, ~0.8 keV is the Copeak, ~0.5 keV is
the oxygen peak.

3. Results

To study the parameters of the THz radiation generated by the Co/WS2 heterostruc-
ture, we used the THz Time-Domain Spectroscopy (THz-TDS) in the reflection configu-
ration. The choice of such a configuration is due to the high absorption capacity in the
terahertz frequency range of the silicon substrate. We irradiated the sample with 35 fs
linearly polarized optical laser pulses (800 nm wavelength, 3 kHz repetition rate, diameter
2 mm, 1.7 mJ × cm−2) incident at an angle of 45◦ to the surface. The emitted THz radia-
tion passing through the THz wire-grid polarizer (WGP) was detected by electro-optical
sampling using a ZnTe detector crystal. In this experimental setup, the ZnTe detection
system acts as an optical analyzer that measures the Ex-component of the THz field. Thus,
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in the absence of a THz field, the probe and pump polarizations coincide with the [001] and
[−110] axes of the ZnTe crystal, respectively. The [001] axis of the ZnTe coincides with the
Y-axis of the laboratory frame (Figure 1a). A detailed description of the optical experiment
is presented in the reference [20]. The magnetization direction of Co is controlled by an
external magnetic field. The sample was fixed on a non-magnetic holder vertically between
two electromagnet cores. Thus, the magnetic field was applied along the Y-axis of the
laboratory frame (Figure 1a). A typical time-domain profile of a THz signal generated by
the Co/WS2 heterostructure and corresponding frequency spectra are shown in Figure 2.
The maximum spectral amplitude is observed at a frequency of about 0.8 THz, and the
frequency bandwidth is limited to 3 THz due to the spectral range of the ZnTe-detector.
The THz pulse peak-to-peak signal linearly depends on the fluence of the optical pump
(Figure 2b). The terahertz amplitude varies depending on the direction of the applied
magnetic field, which confirms the spin-current-based origin of the signal. The efficiency
of THz radiation generation in Co/WS2 is comparable with the efficiency in multilayer
TbCo2/FeCo structures reported in our previous works [18,20].
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Figure 2. (a) Amplitude of terahertz radiation from Co/WS2 structure in the time and frequency
domains (inset). (b) THz peak-to-peak amplitude as a function of the pump energy fluence under
different magnetic fields applied in the HA geometry.

3.1. THz Signal Hysteresis

The presence of a thin ferromagnetic Co layer leads to the appearance of magnetic
properties in the sample and magnetic anisotropy, in particular. Magnetic anisotropy in
thin Co layers was demonstrated in [22] and can be described by the Stoner-Wohlfarth
model. We associate the occurrence of magnetic anisotropy with the tension of the Co film,
which appears due to mechanical stresses between Co and WS2/Si [23]. The dependencies
of the THz signal maximum on magnetic field strength (THz hysteresis loops) are shown
in Figure 3a for both the easy and hard axis. Terahertz hysteresis loops were obtained by
applying a magnetic field to the emitter, while the THz radiation amplitude was maintained
at the maximum point (t = 0 in Figure 2a). The magnetic loops shown in Figure 3a confirm
the presence of uniaxial magnetic anisotropy in the sample plane with clearly defined hard
and easy axes. In “easy axis” geometry, when a magnetic field is applied in a direction
parallel to the easy axis, the THz signal possesses almost a rectangular hysteresis loop
with a coercive field of about 0.09 kOe. In “hard axis” geometry, when a magnetic field
is applied in a direction orthogonal to the easy axis, the coercive field is about 0.09 kOe.
The magnetic hysteresis of the THz amplitude in the Co/WS2 heterostructure indicates
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the rotation of the THz polarization due to the rotation of the magnetic moment in the
plane of the sample. The change in the magnetic field strength from negative saturation
−Hs towards positive saturation +Hs is accompanied by a change in the THz polarization
phase by 180◦. Thus, a change in the sign of the magnetizing field inverts the terahertz
pulse, which is typical for the spin-based mechanism of THz generation. It is important
that the terahertz amplitude rotates together with the direction of the magnetic field, which
indicates the spin nature of the generation of THz radiation [24]. The obtained dependences
coincide with the corresponding magnetization curves (Figure 3b).
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The Co/WS2 heterostructure combines three spin mechanisms of THz generation at
once: (1) ISHE caused by spin diffusion from FM Co to NM WS2 under the action of fem-
tosecond laser pulses; (2) IREE caused by the accumulation of spin in the WS2 monolayer,
acting here as a Rashba interface, similar to the work [25]; (3) Ultrafast demagnetization of
ferromagnetic layers [26]).

3.2. THz Polarization Rotation

The presence of in-plane magnetic anisotropy in Co/WS2 (or generally MM/TMD)
heterostructures can open up new possibilities for controlled modulation of the THz polar-
ization by an external magnetic field. Magnetization of the sample along the difficult axis
would provide a controlled rotation of the THz polarization by changing the current in the
magnet (magnetic field magnitude) only. To study the effect of the magnetic field strength
on the polarization of THz pulses generated by the Co/WS2 heterostructure we used the
method described in detail in [16]. The experimental dependences of the THz peak-to-peak
amplitude on the rotation angle of the THz wire-grid polarizer and the magnetic field in
the “hard axis” geometry are shown in Figure 4a (red curves are the best fit to the data).
Above each angular dependence (Figure 4a) is a schematic representation of the sample
with the laboratory frame, directions of its hard axis, magnetic field, magnetization and
polarizations of the optical and THz beams. To fit experimental polarization dependences
in the detection scheme with a ZnTe crystal, we used the approach described in Ref. [16],
with an additional allowance for the ellipticity of the generated THz wave [27].
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“hard axis” geometry. (a) Angular diagrams of the THz signal (peak-to-peak THz amplitude as a
function of the WGP rotation angle—φ2) depending on magnetic field. The scale is the same for all
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Figure 4b shows the THz polarization angle as a function of the magnetic field strength
in the “hard axis” geometry. Each point on the curve was obtained as a result of the fitting of
the THz polarization dependence at the corresponding magnetic field (Figure S1). As can be
seen, the curve in Figure 4b fully corresponds to the THz hysteresis loop shown in Figure 3a.
Due to the small coercive field and the accompanying sharp change in the phase of the
THz signal, the measurement of polarization dependencies in states between the states of
positive and negative saturation. Therefore, we can see basically only two polarization
states of the THz beam with a phase of 0 and 180◦. With a shift from the saturation regions
towards 0 kOe, when the residual magnetization is retained in the sample, the maximum
polarization rotation is about 30◦. Similar results were obtained for the easy axis geometry
(Figures S2 and S3). For the easy axis, due to the rectangular form of the THz hysteresis
loop, there are only two possible states of the THz polarization. The angular diagrams of
the THz polarization for these two states in the region of positive and negative saturation
are shown in Figure S3.
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3.3. Theoretical Modeling Terahertz Emission

The main problem in describing the processes of generation of THz radiation in
spintronic emitters is the difficulty in determining the mechanisms of its occurrence. To date,
the main way to separate at least two mechanisms: ISHE and ultrafast demagnetization is
carried out experimentally. This is a change in the phase of the THz radiation in the case
of sample rotation by 180 degrees for ISHE and no change in the second case (ultrafast
demagnetization) [28]. However, this experiment is not always feasible when optically
opaque substrates are used. In this paper, we attempt to describe the processes of THz
generation using the dependence of THz radiation on the excitation power of the laser
pump. We assumed that the main source of THz radiation is the mechanism of ultrafast
demagnetization described using the two-temperature model [9]. This model makes it
possible to obtain the electron-spin relaxation time, which is presumably equal to the
demagnetization time.

The temperature model used describes the distribution of energy (as a result of the
action of a laser pulse) between electrons, the crystal lattice and spins. With the help of the
temperature model, we can separate the processes between these subsystems.

Using the theoretical model modified for our sample [29], the electron-phonon cou-
pling constant Gep = 7.91 × 1017 W × m−3 × K−1, the lattice Cp = 3.3106 J×m−3×K−1

electronic Ce = 3.8 × 105 J × m−3 × K−1 heat capacities of the Co ferromagnetic layer.
The electric field emitted by the generator can be defined as [26]:

Ex(t) =
µ0

4π2r
∂2Mx

∂t2

(
t − r

c

)
(1)

where r—distance to the radiation source. The time dependence of ultrafast demagnetiza-
tion can be described as follows [30]:

M(t) ∝
{

Θ(t)
[

Aese−Γest − Aepe−Γept
]}

⊗ G(t), (2)

where Aes and Aep—amplitudes of electron-spin and electron-phonon scattering, respec-
tively, Γes и Γep—time constants of electron-spin and electron-phonon equilibration respec-
tively, Θ(t)—Heaviside step function, G(t)—Gauss function.

Aes and Aep were calculated as follows [30]:

Aes =
(

Γes − RΓep
)
/
(

Γes − Γep
)

Aep = (1 − R)Γep/
(

Γes − Γep
)

(3)

where R = Ce/Ce + Cp and 1/Γep = Gep/Ce = 480 fs.
Further, the experimental results of the generation of THz radiation were approximated

by Expression (1) using the previously calculated parameters. Thus, the approximation
was carried out with only one fit parameter—Γes. It should be noted that the use of the
calculated value of Γep in the approximation did not give satisfactory convergence of
the experiment and theory. We attribute this to the fact that the model did not take into
account the influence of the nonmagnetic layer WS2. However, by comparing the results
for electron-phonon scattering for pure cobalt with reference to [31], it is clear that our
model works precisely for this case. That means that all the differences between this result
and the reference for pure cobalt is made up by WS2 monolayer. Therefore, the value of the
parameter Γep was obtained from the approximation of the experimental curve for power
(160 mW), at which the best convergence of the model and experiment was observed. For
the electron-phonon relaxation time, the following value was obtained Γep = 1 ps. All
subsequent experimental curves were approximated with only one fit parameter—Γes.

Figure 5 shows the values of the electron-spin relaxation times for the dependency of
THz radiation on the energy of the exciting pulse. We observe the limit of applicability of
the model is limited by the minimum value of the laser radiation energy of 0.6 mJ/cm2. This
may be due to two factors: the simplification of the model (the influence of the nonmagnetic
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layer was not taken into account) and the change in the mechanism of generation of THz
radiation at the energy of the laser pulse ≥0.6 mJ/cm2. In favor of the fact that the
main contribution to the mechanism of generation of THz radiation is the mechanism of
ultrafast demagnetization is indicated by the linear type of dependence of the THz radiation
amplitude (Figure 2b) and relaxation time (Figure 5) on the laser radiation energy power.
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from the approximation.

4. Conclusions

In conclusion, a controllable Co/WS2 THz spintronic emitter with magnetic anisotropy
is presented. The total intensity of the THz radiation depends only on the intensity of the
optical pump. The rotation of the THz polarization is shown in the range of 0–180◦ at a
record low magnetic field of less than 0.1 kOe. Theoretical modeling has shown that the
most probable mechanism of THz radiation in the laser pump energy range 0.6–1.6 mJ/cm2

is the mechanism of ultrafast demagnetization. The efficiency of the Co/WS2 emitter is
comparable to previously developed controlled THz radiation sources [16,18]. Interestingly,
the rather simple design of the device made it possible to create an efficient controllable
THz emitter.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met12101676/s1, Figure S1: THz hysteresis loop in "hard axis"
geometry. Angular dependences of the THz polarization for characteristic points. All characteristic
points are marked and numbered on the graph. The scale for all angular dependencies is the
same. The rotation angles of the THz polarization for different magnetizing fields found from the
approximation are shown on the graph of each angular dependence.; Figure S2: THz hysteresis loop
in "easy axis" geometry. Angular dependences of the THz polarization for characteristic points. All
characteristic points are marked and numbered on the graph. The scale for all angular dependencies
is the same. The rotation angles of the THz polarization for different magnetizing fields found from
the approximation are shown on the graph of each angular dependence.; Figure S3: The polarization
angle of the THz field as a function of magnetization in the “easy axis” geometry. The scale is the
same for both angular dependencies.
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