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The dynamic control of magnetization by short laser pulses
has recently attracted interest. The transient magnetiza-
tion at the metallic magnetic interface has been investigated
through second-harmonic generation and the time-resolved
magneto-optical effect. However, the ultrafast light-driven
magneto-optical nonlinearity in ferromagnetic heterostruc-
tures for terahertz (THz) radiation remains unclear. Here,
we present THz generation from a metallic heterostructure,
Pt/CoFeB/Ta, which is ascribed to an ∼6–8% contribution
from the magnetization-induced optical rectification and an
∼94–92% contribution from both spin-to-charge current
conversion and ultrafast demagnetization. Our results show
that THz-emission spectroscopy is a powerful tool to study
the picosecond-time-scale nonlinear magneto-optical effect
in ferromagnetic heterostructures. © 2023 Optica Publishing
Group

https://doi.org/10.1364/OL.485966

Second-order nonlinear optical processes are sensitive to the
crystal lattice symmetry in solids [1]. On the one hand, surface
second-harmonic generation due to a non-zero χ(2) has been
widely used to detect symmetry breaking on the surface [2,3].
On the other hand, optical rectification has been widely used for
THz generation in bulk semiconductors, metallic surfaces, and
interfaces with centrosymmetric breaking [4–6].

Generally, in the case of magnetic surfaces or interfaces, the
presence of magnetization does not affect the bulk inversion
symmetry but it does change the symmetry of the interface [7].
Magnetization-induced second-harmonic generation has been
widely used to probe the structure and magnetism of ferro-
magnetic interfaces [8,9]. In addition, the time-resolved spin
polarization can also be analyzed by optical second-harmonic
generation [10,11]. Also, by means of magneto-optical pump-
probe measurements with elliptically polarized light pumping,
both ultrafast demagnetization and transient circular/linear bire-
fringence can be observed in Ni and a magnetic ionic liquid
[12–14]. The ultrafast polarization is induced by both the inverse
Faraday effect and the optical Kerr effect. The inverse Faraday

effect occurs due to transient magnetization, which is regarded as
a magneto-optical rectification [15]. The optical Kerr effect is
dominated by the cascading χ(2)·χ(2) contribution [16], which
has been used to modulate the polarization of light at THz
frequencies [17].

Recently, THz emission spectroscopy has been widely utilized
as an efficient tool to study (1) the nonlinear emerging properties
of topological materials, such as the photo-galvanic effect [18]
and the photon drag effect [19], and (2) ultrafast demagnetization
(UDM) [20,21] and spin-to-charge current conversion (SCC) in
ferromagnetic (FM)/nonmagnetic metal (NM) heterostructures
[22]. Nevertheless, there is still an open question of whether
the magneto-optical nonlinear effect appearing at the interface
of a FM/NM heterostructure plays a key role in THz generation
[23,24]. Such knowledge is indispensable when investigating the
interfacial physics [25] (symmetry breaking [26], surface rough-
ness [27], band structure [28], topological Dirac state [29], and
metal–insulator phase transition [30]) and optimizing spintronic
THz emitters [31,32].

In this Letter, we investigate the broadband THz gener-
ation from an interface in the Pt/CoFeB/Ta heterostructure
based on pump polarization and applied magnetic field depen-
dent measurements. Our experimental results demonstrate that
∼6–8% of the THz generation arises from the interface’s
magneto-optical nonlinearity, and the rest is contributed by
both SCC and UDM. Our results not only clarify that inter-
face magnetization-induced optical rectification is a nontrivial
mechanism for THz generation, but they also raise the potential
of THz emission spectroscopy to be applied to the investigation
of interfacial nonlinear optics and physics.

All samples were deposited in multilayer stacks on single-
crystalline MgO substrates via DC/radio-frequency (RF) mag-
netron sputtering at room temperature. The magnetron sput-
tering system was kept at a base pressure of 3× 10−8 Torr.
The multilayer stack on the MgO was sequenced as follows:
Pt/CoFeB/Ta and Ta/CoFeB/Pt (the thickness of each layer was
2 nm). A sputtering power of DC 10 W was used for Pt and
CoFeB, while DC 15 W was used for Ta (with Ar at a pressure
of 7 mTorr). During deposition, the substrate was rotated at a
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Fig. 1. Illustration of THz emission from a FM/NM surface with laser excitation. (a) Experimental schematic of THz-emission spectroscopy.
The xyz coordinate is defined for the laboratory frame. (b) Observed THz EOS signals of MgO//Pt/CoFeB/Ta and MgO//Ta/CoFeB/Pt with±H
(along the x axis). Inset: the THz emission peak value as a function of pump fluence. (c) The frequency-domain spectrum of MgO//Pt/CoFeB/Ta
with −H, as calculated by a fast Fourier transform. Inset: the corresponding dynamic range spectrum.

speed of 5 rpm. After deposition, the films were annealed in situ
at 250°C for 60 minutes in vacuum in the absence of a magnetic
field.

As shown in Fig. 1(a), the THz generation experiments
were performed in the direction of specular reflection. The
MgO//Pt/CoFeB/Ta sample was studied under irradiation homo-
geneously by an optical pulse (central wavelength 800 nm, pulse
duration 55 fs, repetition rate 1 kHz). The surface normal of the
sample was at incident angle of 45° with respect to the pump
beam. The polarization of the incident pump beam was var-
ied by using a half-wave plate (HWP) or a quarter-wave plate
(QWP). The magnetization of the sample was set by applying
an external magnetic field (H= 200 mT) parallel to the x axis
(in-plane) and perpendicular to the wave vector of the pump
beam (−z-axis). The THz emission was collected by a parabolic
mirror and detected by a 1-mm-thick <110> ZnTe crystal. The
emitted THz amplitude and phase were detected with far-field
free-space electro-optic sampling (EOS), employing the delay
stage to vary the arrival time of the probe beam (55 fs, 800 nm)
relative to the THz pulse. A chopper was used to modulate the
pump beam with a frequency of 500 Hz. All the measurements
were performed at room temperature. The THz-generating spec-
trometer was purged with dry air to avoid THz absorption by
water vapor.

Figure 1(b) shows typical THz-emission EOS signals EEOS
THz (t)

generated from MgO//Pt/CoFeB/Ta and MgO//Ta/CoFeB/Pt sur-
faces illuminated with p-polarized laser pulses (pump fluence
0.63 mJ cm−2), from the metallic layer side. It is seen that, for
each sample, the sign of the emitted THz traces reverses upon
the reversal of H, confirming its magnetic origin. We chose
Pt/CoFeB/Ta because Pt and Ta exhibit spin Hall angles with
opposite signs. Because of this choice, the charge currents in the
Pt and Ta layers flow in the same direction, radiate in phase, and
boost the THz amplitude [21,31]. It can be seen that reversing the
order of the Ta and Pt layers results in a reversal of the sign of the
emitted THz waveforms. Thus, EPt/CoFeB/Ta

THz (t) = EUDM
THz (t) + ESCC

THz (t)
while ETa/CoFeB/Pt

THz (t) = EUDM
THz (t) − ESCC

THz (t) when H is fixed. This is
the reason why the THz generation from MgO//Pt/CoFeB/Ta is
larger than that from MgO//Ta/CoFeB/Pt. All these observations
are in accordance with the THz generation in the transmission
configuration [33]. The THz emission process can be dominantly
attributed to the SCC and partially to the UDM.

The inset in Fig. 1(b) shows a linear dependence of the THz
emission peak value Epeak

THz on the pump fluence from 0.63 to
1.28 mJ cm−2, below the damage threshold. The time-domain

signals are shown in Note S1 in the Supplement 1. The level
of THz emission from Pt/CoFeB/Ta is the same as that from
a 1-mm-thick InP crystal surface (see Fig. S2), which is the
main contribution to the surface-field effect [34]. The frequency-
domain THz spectrum is shown in Fig. 1(c). The central
frequency of the THz signal emitted from Pt/CoFeB/Ta is about
0.3 THz, with a frequency range of 0.1–3.0 THz. The inset of
Fig. 1(c) shows that the peak dynamic range of the radiated THz
pulse from Pt/CoFeB/Ta is around 57 dB.

In order to investigate the THz generation from the
MgO//Pt/CoFeB/Ta heterostructure via the nonlinear magneto-
optical effect, we measured the linear pump polarization depen-
dence of EEOS

THz (t) by rotating the HWP. The angle θP characterizes
the linear-polarization state with respect to the p-polarized pump
pulse (θP= 0°). As indicated by the black dashed-dotted curves in
Fig. 2(a), the peak amplitude of the THz emission exhibits a peri-
odic oscillation with the variation of θP. Figure 2(b) shows that
Epeak

THz varies withθP. The solid circles and hollow circles represent
the experimental results obtained with+H and −H, respec-
tively. Epeak

THz is composed of a pump-polarization-independent
isotropic term (dashed line) and a pump-polarization-dependent
anisotropic term (dotted line). The sign of the isotropic com-
ponent flips after the H is reversed, as shown by the red and
blue dashed lines. As the reversal of the magnetic field leads to
the opposite directions of both the magnetization and the spin-
to-charge current conversion [21,31–33], it confirms that both
the SCC and the UDM are components of the isotropic termthe
isotropic term.

To further investigate the mechanism of the anisotropic term,
we measured the dependence of Epeak

THz on the helicity of the
pump pulse, which was controlled by rotating a QWP. Fig-
ure 3(a) shows the Epeak

THz dependence on the QWP angle φ with
a periodicity of π/2. Epeak

THz (φ) does not show any periodicity of
π. As shown in Fig. 3(b), the EEOS

THz (t) induced by left circularly
polarized pumping (LCP) is very similar to that generated by
right circularly polarized pumping (RCP). These experimental
results demonstrate that the modulation of THz emission by the
polarization state mainly comes from the linear polarization of
the pump beam. This result is quite different from GaAs, where
the THz emission is helicity dependent, which can be explained
by the spin-polarized electrons [35,36]. Meanwhile, the inverse
Faraday effect and the circular photo-galvanic effect can also
be excluded, as the possible manipulation of the light-driven
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Fig. 2. THz emission from MgO//Pt/CoFeB/Ta with different lin-
early polarized pumping under±H. (a) EEOS

THz (t) measured at various
θP. For clarity, all EEOS

THz (t) are shifted horizontally according to the
θP. (b) Epeak

THz (circles) measured as functions of θP for±H. The solid
curves are fits obtained using Eq. (5).

ultrafast polarization and injection current are helicity depen-
dent [37,38]. Therefore, the anisotropic term can be assigned to
nonlinear optical rectification.

Upon femtosecond laser excitation, a rapid change of second-
order nonlinear polarization can be induced:

P(2)
OR(Ω) = ε0χ

(2)(Ω,ω +Ω, −ω)E(ω +Ω)E∗
(ω), (1)

where E(ω) is the electric field of the incident pump beam. ω
and Ω are the optical frequency and THz frequency, respectively.
The second-order susceptibility has the general form

χ(2) = χ(2)
structure + χ

(2)
magnetization (2)

where χ(2)
structure describes the interface with centrosymmetric

breaking. The second term represents the magnetic component,
χ(2)

magnetization ∝ χ(2)
structure · M, which is nonzero in the presence of

centrosymmetric breaking. Based on the second-order optical
process, ETHz(t) ∝

∂2P(2)OR(t)
∂t2 . The relationship between the THz

emission signal and the polarization state of the pump pulse can
be described as (see Note S3 of the Supplement 1) [39]

ETHz(θP) ∝ Ipump · χ
(2) · cos(2θP)(Linearly Polarized pumping)

(3)

ETHz(φ) ∝ Ipump · χ
(2) · cos(4φ) (Circularly Polarized pumping)

(4)

Fig. 3. THz emission variation with different elliptically polar-
ized pumping. (a) Epeak

THz as a function of φ (circles). The pump
beam was p-polarized when φ= 0°, 90°, 180°, 270°, 360°, circularly
polarized when φ= 45°, 135°, 225°, 315°, and elliptically polarized
at intermediate degrees. The solid curves are fits obtained using
Eq. (6). (b) Typical measured EEOS

THz (t) values induced by RCP and
LCP (offset horizontally).

where Ipump is the intensity of the pump beam. Thus, the peak
amplitude of the generated THz can be fitted by the functions

Epeak
THz (θP) = Ai + Aani · cos(2θP) (Linearly Polarized pumping)

(5)
Epeak

THz (φ) = Ai + Aani · cos(4φ) (Circularly Polarized pumping)
(6)

where Ai refers to the amplitude of the isotropic term, which
mainly comes from SCC and UDM, and Aani represents the
anisotropic term. Using Eq. (5) and Eq. (6), respectively, we
can fit the data in Fig. 2(b) and Fig. 3(a) very well (solid
curves). The dashed lines are the fitted Ai for+H (red) and
−H (blue), while the dotted lines are the fitted cosine terms
for+H (red) and −H (blue). It is important to note that the
pump-polarization-dependent terms flip over when the external
magnetic field is reversed. This result indicates that the dominant
contribution to χ(2) comes from χ(2)

magnetization. Since the absolute
values of anisotropic terms are not exactly identical under oppo-
site magnetic fields, this means that the structurally induced
centrosymmetric breaking cannot be negligible.

The contribution ratio of the anisotropic term can be defined
as ρ = |Aani |/(|Ai | + |Aani |), where |Aani | and |Ai | are obtained
from the fitting curves in Fig. 2(b) and Fig. 3(a). Thus, for
our Pt/CoFeB/Ta trilayer, ρ = 8.4 % (+H) and 6.4% (−H) for
Linearly Polarized pumping and 7.2 % (±H) for Circularly
Polarized pumping. These values are smaller than the con-
tribution ratio of ∼35% observed in bilayers of the Heusler
alloy CoFeMnSi/Pd [40]. Note that since there is no rigorous
reconstruction of the THz electric and/or magnetic dipole field

https://doi.org/10.6084/m9.figshare.22303393
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[21], the contribution proportions of the surface magneto-optical
nonlinearity, SCC, and UDM mechanism to the THz emission
are only approximate. Therefore, a comprehensive experimental
reconstruction [41] and theoretical treatment [42] are required
to elucidate their exact THz temporal dynamics.

In conclusion, we have investigated the THz emission
from a Pt/CoFeB/Ta heterostructure. We find that part of the
amplitude of THz emission (∼6-8%) depends on the polar-
ization of the pump beam. In particular, the polarity of
pump-polarization-dependent THz emission depends on the
magnetization orientation, which is in accordance with the
surface-magnetization-induced optical rectification. In future
work, more surface annealing and a doping treatment could be
adopted to tune the magneto-optical nonlinearity. Moreover, this
surface engineering could in turn be used as a novel manipulation
method for spintronic THz emitters.
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