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ABSTRACT

We report on the design of a spintronic emitter based on the Pt(3nm)/Co(3nm) structure, which enables the control
over terahertz radiation polarization. Utilizing the field-induced magnetization rotation that takes place at low magnetic
fields of up to 250 Oe at room temperature, we have achieved the full range of terahertz polarization rotation from 0 to
360. This rotation became possible due to the uniaxial magnetic anisotropy induced in the plane of the cobalt film during
its fabrication. We evaluated the efficiency of the Co/Pt structure in generating terahertz radiation and found that the
terahertz pulse energy flux reaches 160 nJ/cm? at an excitation flux of 4 mJ/cm?

In recent years, advances in terahertz (THz) technologies and magnetism have unveiled the high potential of spintronic
THz emitters (STE) based on bilayer structures comprising of magnetic and non-magnetic metal films. Excitation of
such structures by femtosecond pulses leads to the generation of sub-picosecond spin currents within them,
consequently resulting in the emission of broadband terahertz radiation.

One of the key advantages of STE is their ability to control a diverse set of THz radiation parameters (polarization,
amplitude, and bandwidth), by applying external magnetic and/or electric fields.

Such magnetic-field driven solid-state THz sources, with con- trolled polarization states, show significant promise for
the development of functional on-chip devices for THz opto-spintronics.” Optimization of such devices is impossible
without a thorough under- standing the physical mechanisms and origin of spin dynamics induced by femtosecond
radiation.” ~ Among the most promising applications are ultra-fast data transfer, next generation wireless
communication (6G), and ultrafast electromagnetic recording.  In addition, THz emitters are simple, easy-to-
manufacture structures with high for this type of emitters optical-THz conversion efficiency.

These attributes allow STE to compete with conventional sources of THz radiation, such as photoconductive antennas
and inorganic non- linear optical crystals.

According to the 2023 roadmap, ' THz spintronics offers not only a unique approach for performing fast spintronic
operations but also new functionalities for THz photonics in the field of generation, modulation, and detection of THz
radiation. Polarization rotation is one of the functions required in the THz optical schemes. Several works have
already shown the possibility of THz radiation polarization rotation without mechanical action on the emitter. The pro-
posed emitters possess uniaxial magnetic anisotropy, allowing for magnetic field-induced magnetization rotation and
consequently resulting in THz polarization rotation. By applying a magnetic field along the “hard axis,” a full 360 rotation
of THz radiation polarization has been achieved, as initially demonstrated in Ref. 2 1. However, the issue of low power
output remains a challenge for controllable THz emitters. Currently, the highest energy per pulse achieved at the STE is
90 nJ.

The bilayer films consisting of Co (3nm) and Pt (3nm) were deposited by magnetron sputtering on a glass plate (200-
Im thickness)

in an argon atmosphere at a pressure of 4.10° Torr and room temperature. Prior to deposition, the vacuum chamber
was evacuated to 10° Torr. The growth rate is 0.25 nm/s for Pt and 0.125 nm/s for Co. The Si top layer was 5 nm to
protect the structure from oxidation. The accuracy in thickness of layer deposition is 10%. The deposition process was
carried out under an applied magnetic field of 400 Oe, aligned in the plane of the samples. Magnetic field assisted
fabrication enabled the creation of an easy magnetization axis in the same as magnetic field direction, and facilitated
the occurrence of field-induced magnetization rotation. The selection of the thicknesses for the platinum and cobalt
layers was guided by the findings of Ref. 22, which demonstrated the maximum optical-terahertz conversion efficiency
precisely for these thicknesses.

To measure the parameters of THz generation, including the rotation of the polarization plane, we utilized the
conventional method of THz time-domain spectroscopy (THz-TDS). A femtosecond laser system, consisting of a
Ti:Sapphire laser and a regenerative amplifier (Avesta Project Ltd.), delivered radiation at wavelength of 800 nm, a
pulse repetition rate of 3 kHz, and a pulse duration of 100 fs. The pump beam aperture on the sample surface was about
1 mm. The Co/Pt structure was placed on a nonmagnetic holder between the poles of an electromagnet to control the
magnetization. The magnetic field was applied along the X-axis of the laboratory frame in the film plane [ ]. THz
radiation generated by the Co/Pt structure was detected by electro-optical sampling in a setup with a nonlinear optical
ZnTe crystal. The polarization of both pump and probe beams was parallel to the [110] axis jj Z of the ZnTe crystal. In



this geometry, only Ex-component of the THz field is detected (see Ref. 23 for details). To determine the polarization of
the THz radiation, a wire- grid polarizer (WGP) was installed in front of the ZnTe analyzer.

In order to assess the emitter efficiency, a high-energy chromium-forsterite laser with amplified chirped pulses was
employed. This laser system exhibited a pulse duration of 100 fs, a central wave- length of 1240 nm, and a maximum
output energy of 20 m]. It operated at a repetition rate of 10Hz. The excitation pump beam was collimated to a width of
2.5 cm (FWHM), and the size of the excitation region on the Co/Pt surface was restricted by a 1.2 cm diameter aperture
due to the limited sample size. After the pump pulse passed through the diaphragm, the average fluence ranged from
0.78 to 10 mJ/cm? Pulse energy was measured using a Golay cell, and the absolute calibration of the spintronic THz
emitter was carried out with the setup described in Ref.

The Co/Pt emitters operate on the inverse spin Hall effect (ISHE). The direction of polarization for THz waves emitted
due to the ISHE is determined by the directions of the injected spin current and the spin polarization of electrons.”” The
latter depends on the magnetization direction, which is influenced by the magnitude and orientation of the magnetizing
field. As a result, the phase of the generated THz waves depends on both the sample orientation relatively to the optical
beam and the external magnetic field direction. This dependence is illustrated schematically in . Experimental
data for THz signals with a pump energy flux of 0.97 mJ/cm* and two magnetizing field strengths of p2 and 2 kOe,
directed parallel to the easy magnetization axis (E.A.), are shown in . These figures depict how the phase of the
terahertz wave changes depending on the sample orientation and the applied magnetic field direction. Namely, both a
change in the direction of the magnetic field and a change in the orientation of the sample changed the polarity of the
terahertz pulse.

Notably, there is a difference in the delay time of terahertz pulses for the two distinct directions of optical beam
incidence, “front side” and “back side,” as it is seen in . This difference is attributed to the optical (n = 1.457")
and THz pulses (n ~2.1"') delay in the SiO; substrate, which thickness is 0.18mm. The decrease in the signal amplitude
recorded when irradiating the sample from the Co/Pt film side (front side) can be explained by the high absorption of
THz radiation in the glass substrate. Phase flip while changing the geometry from front side to back side confirms the
ISHE for THz emission in the studied STE.
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FIG. 1. (a) Schematic representation of the spin current direction and polarity of the generated terahertz waves due to the inverse spin Hall effect; 1,[} —

angle between magnetic moment and the hard axis, and Y —angle of the magnetic field deflection from the hard axis (b) Time- domain profile of the THz
signal AS (see supplementary material S.III) for two directions of the optical beam incidence and an applied planar magnetic field of £2 kOe.

displays a comparison of temporal profiles of the THz signal for opposite polarities of the magnetic field
when samples are irradiated from the substrate side. The phase inversion of the THz signal upon changing the magnetic

field direction indicates a 180° rotation of the THz polarization. The inset in presents the spectra of the THz
signal. The maximum spectral amplitude is observed at a frequency of 1 THz. The width of the frequency spectrum is
limited by 3 THz due to the sensitivity band of the ZnTe detector. illustrates the dependence of the THz

amplitude on the laser energy flux. The increase in the THz signal with rising pump energy is attributed to the enhanced
spin injection from the ferromagnetic layer into the platinum layer.
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FIG. 2. (a) THz polarization rotation resulting from a change in the polarity of the external magnetic field. Inset: Correspondent FTT spectra. (b)
Dependence of the THz signal amplitude on the optical radiation energy flux. The star denotes the point corresponding the graph in (a).

The dependence of the peak THz amplitude on the applied magnetic field exhibits behavior similar to the standard
magnetic hysteresis. displays the magnetic hysteresis loops obtained by the THz—TDS method and
measured at maximum electric field amplitude, correspondent to the delay time t1/40 ps [see ]. Hysteresis
loops are presented in two different geometries when the applied magnetic field vector H is parallel to the easy
magnetization axis (E.A.) or perpendicular to it (H.A.). The shape of the hysteresis loops points to the presence of
uniaxial magnetic anisotropy in the sample with an anisotropy field Hx 120 Oe. The coercive field of the sample does
not exceed 80 Oe.
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FIG. 3. (a) Dependences of THz field amplitude and (b) THz polarization angle on the external magnetic field. The dependence of the THz polarization
angle on the magnetic field is obtained from the approximation of angular diagrams (Fig. S2) in the geometry of hard axis and “easy axis” (Fig. S3); The
circle and square points are experimental results, while the blue and violet lines represent a model that uses Eq.

The presence of magnetic anisotropy with a pronounced hard axis in the Co/Pt sample indicates the possibility of
precisely controlled manipulation of the THz polarization by low magnetic fields (Ha< H < Hyup to 120 Oe). To prove
that the rotation of THz polarization is the result of a field-induced magnetization rotation induced by an external
magnetic field, we studied the angular dependences of the THz signal. In the used optical scheme, polarization rotation
angle cannot be seen directly from experimental dependences. The experimental dependences are obtained by fitting
them (in Figs. S2 and S3) with the function AS(t) = (f(¢2, Erz($1)) x cos(0() 172" 1y this function, 6 is the phase

difference between AS(t) and the reference signal, t represents the delay time, " and f(2,Er(¢1)) is the function



describing the dependence of the THz electric field,”” ¢,is the angle of the WGP polarizer, and ¢ is the angle between
THz field and the [1,1,0] axis of the ZnTe crystal.

We measured the temporal dependence of the THz signal [ ] on the rotation angle ¢, of the WGP polarizer
installed in the path of the THz beam. The measurements were made in a magnetic field directed along E.A. or H.A. All
measured angular dependences of the THz signal are shown in the supplementary material (Fig. S2 for the hard axis
and Fig. S3 for the easy axis). The extracted from each polarization dependence fitting parameter, angle ¢, as function
of magnetic field is shown in . The measurements were carried out with a slight deviation of the magnetizing
field from the hard axis (~1°), which makes it possible for the magnetization vector to fall into one of two opposite
directions (see also S3). Otherwise, a domain structure was formed and the effect disappeared. '~ Note that, as showed
earlier, " the hysteresis loops for the measured Ex- component of the THz field completely coincide with the hysteresis
loops for the magnetization component My. Along with this, the magnetization modulus remains constant, as does the
THz field amplitude.

In the framework of ISHE mechanism, the observed rotation of THz polarization is controlled by orientation of the
electron spin polarization antiparallel to the magnetic moment of the Co film. The thermodynamic potential Fy, of
magnetic subsystem of uniaxial magnetic film consist of Zeeman energy of the magnetic moment M inter- action with
the magnetizing field Hand anisotropy energy characterized by the anisotropy field Hy,

5 o Hy - _\2
F,=-1-8) -=201-7),
2M
(1)
where 71 is the unit vector parallel to the E.A. axis. The magnetization rotation is described by the equation of state that
delivers minimum for Fy,,

H-sin(yy —y) — lHA -sin2y = 0,
2 @)

Where v is the angle between magnetic moment and the hard axis, and y is an angle of the magnetic field deflection
from the hard axis [ ]- We assumed the magnetization value constant (|M ), in agreement with the Landau
theory.
Since the direction of magnetization determines the direction of THz polarization, then Eq. also describes the
dependence of the rotation angle ¢, of the THz polarization on the magnetic field strength (supplementary material II).
The result of finding the dependence ¢, (H) is shown in . Solutions of Eq. were found for parameters Ha =
120 Oe and ¢ = 0.03. The latter was obtained by fit- ting to experimental data. Near the field-induced magnetization
rotation points H = +H,, characteristic spikes appear on the calculated curve.

shows the generated THz pulse energy density in the range of optical fluence of (1-10) mJ/cm?® The
minimum detected THz pulse energy density was about 70 nJ/cm?at the optical pump fluence of 1.5 mJ/cm?. For lower
fluences, the THz energy remained on the noise level. In the range of 1-4 mJ/cm? the THz pulse energy increased
linearly and reached the highest value of 160 nJ/cm?. For the pump fluence above the threshold value of 4.2 mJ/cm?,
the THz pulse energy decreased irreversibly (this area is marked as “Damage” in ). Enhancing thermal conductivity
with a silicon substrate " might enable increasing this threshold.

demonstrates the efficiency of the optical-to-THz conversion in the range of optical fluence of (1-4.5)
mJ/cm? The maximal THz emission efficiency from a spintronic emitter was reported in Ref. 22. The peak THz pulse
energy was 29 nj/cm? with an excitation beam width of 2cm (full width at half maximum, FWHM, of intensity) and a
maximum fluence of 1.1 mJ/cm? At the maximum pump energy of 48 mJ (1.33 mJ/cm?) for the nonlinear ZnTe crystal,
the THz pulse energy amounts to 1.5 pJ (or, when normalized to the excitation area, 41.67 nJ/cm?).” In comparison
with that work and normalizing by the effective generation area (the pump beam width), we achieved 2.4-fold increase
in the efficiency at the optical pump fluence of 1.1 mJ/cm? and 5.5-fold increase at the fluence of 4 mJ/cm? The
spintronic emitter demonstrated an optical-to-terahertz conversion of 7x10°%. In previous studies, values of 2.6x10%%
for the spintronic emitter and 3.1x103% for the nonlinear ZnTe crystal were achieved.
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FIG. 4. (a) Energy flux of THz radiation from a Co/Pt spintronic emitter in the range of optical pump fluence (1240nm) 0.78-10 m]/t:m2 at a spot size

1.2cm. The blue star: the maximum THz energy currently achieved in similar STE structures.  The cyan asterisk denotes the highest THz energy presently
attained in ZnTe crystal as per Refs. 22, 30, and 2 1. (b) The optical-to-terahertz conversion efficiency.

In summary, this research highlights the potential for controlled manipulation of THz polarization in a Co/Pt spintronic
emitter by applying an external magnetic field. By rotating magnetization within field-induced magnetization rotation
by changing magnetizing field value only, the rotation angle of the THz polarization can be controlled by 360°. Studies
of the dependences of the peak THz amplitude and the polarization angle on the applied magnetic field yielded results
consistent with the theoretical model based on the equation of state for uniaxial magnetic films. Additionally, a linear
correlation was observed between terahertz pulse energy and excitation pump intensity for the Co/Pt spintronic
emitter. The THz generator achieved its highest pulse energy flux of 160 nJ/cm?at the optical pump fluence of about 4
mJ/cm? This was achieved by combination of the most efficient STE structure (Co/Pt) with the creation of uniaxial
magnetic anisotropy in it, accompanied by field-induced magnetization rotation. In-plane field-induced magnetization
rotation is the tool for rotation of THz polarization.

This study offers valuable insight into manipulating THz polarization in spintronic emitters, opening up potential
applications in fields, such as communication, imaging, and sensing. By employing advanced materials and enhancing
thermal conductivity with a silicon substrate, further improvements in emitter performance and thermal stability may
be realized.

See the supplementary material for an in-depth examination of the angular dependences derived from terahertz time
domain spectroscopy, the findings of which were utilized in the construction of . This material presents results
depicting the relationship between the intensity of terahertz generation and the polarization angle of the optical pump
beam. Additionally, it elucidates the process behind calculating the detected X-component of the terahertz field. A
comprehensive discussion regarding the 360° rotation of the magnetization, achieved via two jumps in fields marginally
smaller than the critical field H,, is also included.
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