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Abstract

The terahertz (THz) spectral region bridges electronic and photonic domains, yet the
development of compact, coherent, and tunable THz sources remains a central challenge.
Spintronic emitters based on ultrafast spin dynamics have emerged as promising broadband
THz sources. However, they have been studied primarily within linear spin—charge conversion
frameworks, with nonlinear coupling phenomena, such as frequency comb generation, largely
unexplored. Accessing this nonlinear regime would expand spintronic THz emitters beyond
broadband transient emission, enabling coherent spectral structuring through ultrafast spin
dynamics. Here, we report the emergence of nonlinear THz frequency combs in nano-
engineered magnetic multilayers based on [Pt/Co/MgO], and [Pt/Co/W/MgQOl.
heterostructures driven by femtosecond optical excitation. Using optical-pump/THz-emission
time-domain stroboscopy, we resolve periodic spectral structures extending up to 15 THz. The
comb formation originates from nonlinear coupling between two primary interfacial spin-
dynamic modes: one dominated by the inverse spin Hall effect (~0.8 THz) and the other with
ultrafast exchange-driven dynamics (~2.0 THz). We reveal that the key mechanism governing
comb formation is the spatiotemporal overlap of these interfacial modes, in which sub-
picosecond temporal coincidence and nanoscale spatial confinement enable efficient nonlinear
interaction. This overlap defines a dominant interaction channel, giving rise to coherent higher-
order spectral components that follow a universal comb relation. Our results establish a
physically transparent framework for nonlinear THz generation in spintronic systems and
demonstrate that interfacial ultrafast dynamics can be engineered to access frequency comb
regimes, opening new opportunities for high-precision spintronic metrology and nonlinear THz

spectroscopy of non-equilibrium spin phenomena.



Introduction

The terahertz (THz) spectral range, located between the microwave and infrared regimes,
provides direct access to ultrafast electron, lattice, and spin dynamics on sub-picosecond
timescales. Despite their broad potential applications in communication, imaging, and
spectroscopy, the development of compact and coherent THz sources remains a long-standing
challenge, commonly referred to as the “THz gap” .

Spintronic THz emitters based on magnetic heterostructures have recently attracted
considerable attention as efficient broadband sources. In these systems, femtosecond optical
excitation generates ultrafast spin currents and transient magnetization dynamics®>”’, which are
subsequently converted into charge currents through mechanisms such as the inverse spin Hall

18,19

effect (ISHE)*'*, inverse Rashba—Edelstein effect!*!?, inverse spin—orbit torque'®!®, and

related interfacial spin—charge conversion processes. These advances, together with

anomalous-Hall-effect-related ultrafast charge-current generation in magnetic materials>®2,

have established spintronic emitters as a promising platform for THz generation®??.

However, most studies to date have described THz emission from magnetic
heterostructures within a linear-response framework. The contributions from ultrafast
demagnetization, spin transport, and spin—orbit conversion are typically treated as independent
processes, often described within superdiffusive spin-transport and linear spin—charge
conversion frameworks?*, while possible nonlinear interactions between coexisting spin-
dynamic channels have received little attention. As a result, the accessible spectral range
remains effectively limited, leaving much of the THz bandwidth unexplored.

Nonlinear magnetic dynamics have been widely investigated in other contexts, including
magnon scattering and spin textures such as domain walls, vortices, and skyrmions?—2. More
broadly, frequency combs represent a hallmark of nonlinear coherent dynamics across the
physical sciences. Building on the seminal work of Hall and Hénsch in optical frequency-comb
metrology**~3¢, they provide a universal route to generating discrete high-order spectral
structures from fundamental modes*’~*!. In particular, frequency comb formation arising from

26-32

nonlinear mode coupling has been explored mainly in the gigahertz (GHz) regime~"~~, where

interactions between spin-wave modes or dynamic spin textures produce discrete spectral
features. More recently, nonlinear magnon coupling has been extended into the THz regime in

42,43

antiferromagnetic systems*>*’, indicating that ultrafast spin dynamics can support nonlinear

processes at much higher frequencies. For spintronic THz emitters, such nonlinear operations



would be particularly significant, as they could transform broadband transient emission into
coherent, high-order spectral structures. Despite these developments, the realization of THz-
frequency combs based on spintronic emitters in magnetic multilayers remains unexplored.

In this work, we demonstrate that nonlinear THz frequency combs can emerge from
ultrafast spin dynamics in nano-engineered magnetic multilayers. We further identify the
physical origin of this comb formation, showing that it is closely linked to the spatiotemporal
overlap of interfacial spin-dynamic modes. In particular, nonlinear coupling between spin—
charge conversion and exchange-driven dynamics** gives rise to coherent higher-order spectral
components that follow a universal comb relation. These results establish a physically
transparent and experimentally accessible route toward nonlinear THz generation and

frequency-comb formation in spintronic systems.

Spatial overlapping of THz emissions in nano-thin magnetic multilayer

Since nonlinear coupling between different spin modes can give rise to frequency comb
behavior, we hypothesize that at least two intrinsic ultrafast spin-dynamic modes may
nonlinearly couple within nano-thin magnetic multilayers to generate a frequency comb. As
schematically illustrated in Fig. 1a, an ultrafast optical pulse can excite ultrafast spin current®
14 and ultrafast exchange dynamics* near the interface between ferromagnet (Co) and heavy
metal (Pt or W). One THz mode (f;) may originate from one of these mechanisms, while
another mode (f5,) can also be excited with different spin dynamical features. In Fig. 1a, the
upper AM,, scale schematically denotes a localized magnetization change near the Co/(Pt or W)
interface induced by ultrafast spin current, whereas the lower M, scale represents the
magnetization profile associated with ultrafast exchange dynamics. When these interfacial
responses spatially and temporally overlap within the nano-thin multilayer geometry, strong
nonlinear interaction can occur, leading to a spintronic THz frequency comb described as
f(fg;"b =fi+mf,((m=1, 2,3, ...). THz emission from multiple ultrafast spin-dynamic
channels is realized within a confined multilayer geometry. Here, nano-thin magnetic
multilayers are engineered to enable the coexistence and spatial overlap of spin-current and
exchange-driven dynamics, which act as distinct modes for frequency-comb generation.

In the present study, two kinds of magnetic multilayer samples are prepared. The first
series is [Pt/Co/MgO], withn =1, 2, and 3, where a ferromagnetic 2-nm Co layer is sandwiched

by metallic 1.8-nm Pt and insulating 1.8-nm MgO layers. The second series is [Pt/Co/W/MgO]x
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withn =1, 2, and 3, where a ferromagnetic 2-nm Co layer is sandwiched between metallic 1.8-
nm Pt and 1.8-nm W layers, with a protective capping layer of insulating 1.8-nm MgO. The Pt
and W layers are only 1.8 nm thick, which is within the range of nanometer-scale spin-diffusion
lengths reported for Pt thin films (2.8-3.9 nm)* and W (~3.5 nm)*. This thickness scale
supports interfacial spin-current and spin—charge-conversion processes while preserving
nanoscale spatial overlap with the ultrafast exchange-driven dynamics in the adjacent Co layer.
THz emission is generated from ultrafast spin dynamics in the Co layer as well as from
interfacial spin-current and spin—charge conversion processes at the Pt/Co and Co/W interfaces.
Both sample series exhibit in-plane magnetic anisotropy with similar coercivities, as evidenced
by their magnetic hysteresis loops. (Supplementary Fig. S1). The sample structure is illustrated
in the inset of Fig. 1b, while the optical-pump/THz-emission stroboscopy setup scheme is
shown in the figure. Since the entire structures consist of nano-thin multilayers, the spatial
overlap of ultrafast interfacial spin-dynamic responses is expected to be substantial, thereby
enabling nonlinear interactions and the possible formation of frequency combs within the

multilayers.

Frequency comb formation in [Pt/Co/MgO].

Figure 2 summarizes THz emission in [Pt/Co/MgO], multilayers with variation of pump
fluence (Fp) as well as multilayer repeat number (n). Electric field profiles of THz emission
waves are plotted in Fig. 2a and 2b for Fp of 0.8 and 1.6 mJ cm™, respectively. The emitted
THz amplitude clearly increases with increasing pump fluence, as shown in the figure. The
peak-to-peak THz amplitude for n=3 increases by factors of ~ 8 and ~ 30 compared ton = 1
and 2, respectively. These behaviors become clearer in the Fourier spectra obtained via Fast
Fourier Transform (FFT), as shown in Fig. 2c and 2d. Inset figures show the FFT spectra for n
=1, 2, and 3, normalized for comparison in the range up to 3 THz. The peaks for n = 1 and 2
(~0.4 THz) shift to a higher frequency around ~0.8 THz for n = 3 (highlighted in the figure).
The shift of the frequency peak to a higher value implies that the THz emission process changes
as the number of interfaces increases from n=1 to n =3. Previous studies have shown that in
ferromagnet(FM)/nonmagnetic(NM)-metal heterostructures, an excessively thin nonmagnetic
layer may limit its effectiveness as a spin reservoir, thereby reducing the amount of injected
spin current*’. In the [Pt/Co/MgO]n series, increasing n effectively increases the number of

spin-current-generating Pt/Co interfaces and the total Pt reservoir available for spin injection,
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which may enhance the interfacial spin-current contribution. Also, the shift of the FFT peak
toward ~0.8 THz at n = 3 suggests an enhanced contribution from ISHE.

FFT spectra on a log scale are plotted in Fig. 2e for the lower fluence (Fp = 0.8 mJ cm™)
over wide frequency ranges up to 15 THz. The spectra do not exhibit a dramatic difference
overall, irrespective of n, whereas the subsequent change, as reflected in the observed peak
shift below 3 THz, is evident. From 3 THz to 15 THz, the spectra appear almost flat, with no
distinct structural features. However, it is interesting to note the difference in the FFT spectra
shown in Fig. 2f for the higher-fluence case (Fp = 1.6 mJ cm™). In the case of n = 1 and 2, the
spectra exhibit no specific feature, as in the case of Fig. 2e. However, for n = 3, a clear periodic
spectral structure emerges, as indicated by the green vertical bars. Another difference between
Fig. 2e and 2f is that the amplitude of the spectra, only when the periodic structure emerges (n
=3 and Fp= 1.6 mJ cm™), is significantly increased, hovering well above the flattened spectra
in the 3—15 THz range, as observed in cases of n = 1 and 2. Specifically, the spectra without
comb formation remain mostly at approximately —75 to —100 dB in the 3—15 THz range,
whereas the comb-forming n = 3 spectrum exhibits periodic peaks around —30 to —60 dB,
corresponding to more than one to two orders of magnitude enhancement in FFT amplitude.
The observed periodic structure provides a clue to the expected frequency comb phenomenon,

which is observed only at high Fp (1.6 mJ cm™) and with more interfaces (n = 3).

Frequency comb formation in [Pt/Co/W/MgO].

We have carried out the same experiment for the sample with an additional W layer
inserted in the multilayer, [Pt/Co/W/MgO].. The increase of THz emission peak amplitude is
similarly observed with increasing pump fluence from 0.8 to 1.6 mJ cm™, as shown in Fig. 3a
and 3b. However, the main peaks are observed around ~0.8 THz for all cases, unlike those in
[Pt/Co/MgO],, as shown by the FFT spectra in Fig. 3c and 3d. The inset figure clearly shows
that the normalized peaks for multilayers with different n all coincide below 3 THz. This
indicates that the THz emission is dominantly governed by the same generation mechanism.
Here, it should be noted that the addition of the W layer enhanced the THz emission, supporting
an ISHE-dominated contribution'*!'#. In addition, a reduction in the THz amplitude from n = 1
to n = 2 is observed with the insertion of the W layer. A similar trend has been observed in

photonic-crystal-type spintronic THz emitters, including [SiO2/Pt/Fe/W],. It originates from



the competition between laser absorption enhancement and THz attenuation as the number of
layers increases®.

For the lower Fp (0.8 mJ cm™), the FFT spectra on a log scale do not exhibit a periodic
structure, as seen in Fig. 3e. However, for the higher Fpr (1.6 mJ cm™), periodic spectral
structures are observed up to 15 THz for all values of n. In contrast to the [Pt/Co/MgO]; series,
where the periodic feature appears only for n =3 at Fp=1.6 mJ cm™, the W-inserted multilayers
exhibit periodic spectral modulation for all n at high fluence (Fig. 3f). These results indicate
that both higher pump fluence and W-layer insertion promote the formation of periodic spectral
modulation in the emitted THz spectra.

The addition of the W layer is considered to enhance the spin-charge conversion efficiency,
particularly via the inverse spin Hall effect, since the W has a negative spin Hall angle, whereas
the Pt has a positive spin Hall angle'*'*. The spin current generated by the photoinduced
ultrafast spin dynamics is pumped into the W as well as the Pt layer in the Pt/Co/W/MgO
multilayer structure, where the opposite direction of spin currents from Co to Pt and W
eventually induces the same direction of charge current due to the negative spin Hall angle of
W, thereby inducing increased charge current. This behavior leads to stronger THz emission
with increased amplitudes in the multilayer with W inserted (Fig. 2a,b vs. Fig. 3a,b). The
resulting enhancement is consistent with ISHE-dominated interfacial spin—charge conversion,
because without constructive spin-to-charge conversion from W, the additional metallic layer
would be expected to increase attenuation rather than enhance the THz emission signal.
Periodic frequency modulation emerges at large interface numbers and high pump fluence,
marking the activation of nonlinear coupling between spin modes. The resulting regular

spectral spacing signifies the formation of a frequency comb.

Analysis of frequency comb

To quantitatively confirm the frequency comb nature of the observed spectral peaks, the
peak positions of the periodic spectral modulation at a pump fluence of 1.6 mJ cm? were
extracted and plotted as a function of the integer comb index m (Fig. 4a). Remarkably, the peak
frequencies obey a universal linear relation, as f.omp = f1 + mf,, where f; =0.95 THz and f,
~ 2.26 THz are determined from the linear fitting. Note that the linear combination of the
generated THz peaks is universal, regardless of the sample repetition number n or the presence

of the W layer, once higher-order THz peaks are generated. This behavior indicates that the
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comb spacing is governed primarily by intrinsic interfacial spin-dynamic modes rather than by
structural repetition effects of the multilayer stack. The proportionality between f and m
confirms that the regularly spaced peaks originate from coherent interaction involved with
ultrafast photoinduced spin dynamics.

To analyze the origin of f; and f, modes, the THz emission signal of the four samples
exhibiting high-order THz frequency peaks was carefully examined. To extract the
fundamental modes of the signal, we applied the following fitting equation (Eq. (1)), composed

of a Gaussian function multiplied by a cosine function.

E)f/n‘)de[t] = Gmode[t] COS[Zﬂfmodet - (pb]r (1)

where G40 [t] represents the temporal envelope of Gaussian form and f;,.4. represents each
fundamental mode. ¢, is a phase constant. From the fit, three distinct modes are found at
approximately 0.4, 0.8, and 2.0 THz. The fitting parameters and their uncertainties are
summarized in Supplementary Table S1. Three distinct modes are separated and then inverse
Fourier transformed to visualize their time-domain components, as plotted in Fig. 4b for the
[Pt/Co/W/MgO]; sample. FFT results for the separated modes are plotted in Fig. 4c, where it
is observed that the mode of 0.8 THz is most dominant, followed by the mode of 0.4 THz and,
lastly, by the mode of 2.0 THz. The same analysis was further extended to all four samples
exhibiting frequency comb formation, and the resulting decomposed waveforms are
summarized in Fig. 5a. The separated components near ~0.4, ~0.8, and ~2.0 THz are compared
across the four samples in Fig. 5b-d, respectively, while the corresponding results at 0.8 mJ
cm are provided in Fig. S2. It is observed that, in all cases of frequency combs, the ~0.8 THz
mode is the most dominant one, whereas the ~2.0 THz mode remains weaker but is consistently
resolved in every sample. Although the ~0.4 THz mode is also clearly present, the comb-
scaling relation in Fig. 4a indicates that the dominant comb-relevant mode pair is associated
primarily with the ~0.8 and ~2.0 THz components. We note that the fitted comb parameters f;
~ 0.95 THz and f, = 2.26 THz in Fig. 4a are slightly shifted from the nominal ~0.8 and ~2.0
THz mode centers obtained from the time-domain decomposition. This difference may arise
from the finite temporal duration and spectral bandwidth of the ultrafast THz wave packets,
since the comb relation is extracted from broadband pulsed spectra rather than isolated

continuous-wave excitations.



The mode of 0.4 THz is considered to originate primarily from photoinduced

magnetization dynamics®”’

associated with ultrafast demagnetization of the Co layer, since it is
more clearly observable for the sample [Pt/Co/MgO], in case of n = 1 and 2, where the number
of interfaces is limited and interfacial contributions are relatively weak. This mode becomes
relatively less significant when the interfacial spin-charge conversion contribution is enhanced
by inserting the W layer in the [Pt/Co/W/MgO], samples, as shown in Fig. 3. On the other hand,
the ~0.8 THz mode is considered to originate from interfacial spin—charge conversion at the
Co/Pt or Co/W interfaces. THz emission near 2.0 THz has also been observed in other
photoinduced THz emission experiments and may be associated with exchange interaction
breaking and recovery processes**. We therefore associate the higher-frequency mode with
strongly localized interfacial spin dynamics related to ultrafast exchange breaking and recovery
near the Co/(Pt or W) interface. The dominant 0.8 THz emission component is attributed
primarily to interfacial spin-charge conversion, most likely via the inverse spin Hall effect, as
the signal is enhanced by inserting a W layer with an opposite spin Hall angle. This interfacial
spin-charge conversion process is closely interrelated with both photoinduced magnetization
dynamics and exchange interaction dynamics in the multilayer structure. It should be noted,
however, that both temporal and spatial overlap are required for a frequency comb phenomenon

to emerge.

Temporal overlap governing THz frequency comb formation

We have carried out further analysis based on Hilbert transform to isolate and analyze
comb-building frequency components from the measured THz waveforms, as seen in Fig. 5.

Ej,n"de[t] mode determined by Eq. (1) is processed by Hilbert transform*® as in Eq. (2) to form
a complex Eode[t].

Eyote[t] = Eyecelt] + i 3¢ |[Epoe] |, )

where H is the Hilbert transform and the mode is for 0.4, 0.8, and 2.0 THz. Then, the wave

envelope is determined as Eq. (3):

|E'3r]node[t]| — \/E}r}node[t] "E}r}node*[t]' 3)
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where E?Ode*[t] denotes the complex conjugate. The measured field is Re [E';,I‘Ode[t]].

The estimated wave envelopes are plotted for the case of four samples in Fig. 6a for the
case of Fp=1.6 mJ cm™. The envelope is again decomposed into ~0.4 THz (black), ~0.8 THz
(red), and ~2.0 THz (blue), with the overlap region colored green. Among the possible pairwise
overlap channels, the overlap between the ~0.8 THz and ~2.0 THz envelopes is highlighted
because Fig. 4a identifies these two modes as the principal comb-relevant pair. The temporal
overlap between the ~0.8 THz and ~2.0 THz envelopes defines the interaction window. Within
this window, nonlinear coupling leading to frequency-comb formation can be

phenomenologically described as™
Ef,omb[t] ~ X(Z)ESBTHZ[t] E;.OTHz[t]’ (4),

and the overlap envelope, as colored green in the figure, enabling the frequency comb is

estimated by
|Ev3c]omb [t]l ~ |X(2) | |E‘39.8THZ [t] E)Z/.OTHZ [t] | (5)

Here, y® is introduced as an effective phenomenological coefficient representing the
nonlinear interaction strength between the two modes. For the present comparison, y ® is set
to unity, so that the overlap-derived waveform is used only to compare the relative temporal
profile rather than to quantify the absolute nonlinear coupling strength. Multiple overlap
channels may in principle coexist and contribute to the measured comb waveform; however,
the present analysis indicates that the ~0.8 THz & ~2.0 THz channel provides the dominant
contribution to the observed frequency comb formation, likely because this interaction channel
more effectively satisfies the spatiotemporal overlap condition at the ferromagnet/heavy-metal
(FM/HM, here Co/Pt or Co/W) interface. Because the measured comb waveform may contain
secondary contributions from additional overlap channels, the effective amplitude of the
overlap-derived packet should not be interpreted as a direct measure of a single nonlinear
coefficient. Nevertheless, the present comparison indicates that the ~0.8 THz @ ~2.0 THz
channel captures the dominant temporal structure of the observed comb waveform.

It is worth noting that the wave packet for the ~0.8 THz mode appears earlier than that for
10



the ~2.0 THz mode by several hundred femtoseconds, as seen in Fig. 6a. This indicates that the
physical process corresponding to the 0.8 THz peak, which is associated with the inverse spin
Hall effect, occurs earlier in time, followed by the physical process corresponding to the 2.0
THz peak, which is associated with exchange breaking and recovery. The wave packet for the
0.4 THz peak is also shown in Fig. 6a, where it exhibits a broader temporal envelope than the
higher-frequency components. Although it is widely distributed in time, the comb behavior
identified in Fig. 4a and the comparison of the separated modes in Fig. 5 suggest that this
component does not play a dominant role in the main comb-forming channel. This low-
frequency component may be associated with ultrafast demagnetization in the Co layer or with
spin-current dynamics originating in the bulk rather than at the interface. As such, it may not
effectively satisfy the spatial overlap condition at the FM/HM interface, which is expected to
be essential for nonlinear mode coupling and the formation of a densely packed frequency
comb.

The high-order frequency profiles can be extracted from the residual signal (Exp. - Fit.),
as shown in Fig. 6b. Since only the low frequency modes of 0.4, 0.8, and 2.0 THz are removed
through the fitting procedure, the remaining signal is dominated by the high-frequency comb
components. The high-frequency comb signal is shown together with an overlapping envelope,
Ef,omb[t], where the high-frequency comb components are found to be consistently matched
with a temporally overlapped region. This comparison supports the view that the dominant
comb signal emerges within the same temporal window where the ~0.8 THz and ~2.0 THz
wave packets coexist.

For the case without frequency-comb formation, a similar analysis was carried out, as seen
in Fig. 6¢-d. As clearly seen in the figure, the temporal overlapping region is much smaller
than in Fig. 6a, implying that the temporal overlapping window is only fractional, discouraging
possible frequency comb formation. Another interesting feature in this case is that only the 0.8
THz mode is dominant, with the other modes almost negligible and thus insufficient to combine
into a frequency comb. The high-order oscillation, determined by subtracting E{,“Ode[t] from
the measured E,, is also found to be negligible as in Fig. 6d. This result is consistent with the
view that, under weak excitation, the temporal interaction window is too limited to support an

efficient nonlinear coupling channel.

High-order components of THz frequency comb
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To examine the structure of the THz frequency comb, the high-order components
extracted from the measured E,, [t] at a pump fluence of 1.6 mJ cm? (“Exp. — Fit.” in Fig. 6b)
were further analyzed. Owing to the experimental time resolution of 300 fs, frequency
components up to ~16 THz are accessible, and band-pass filtering was applied to isolate the
comb components up to the 6th order (m = 1 ~ 6 in f(f,‘g"b = fi1 + mf;). All extracted
components up to the 6th order were analyzed using a band-pass filter with a full width at half
maximum (FWHM) of 1.1 THz, determined from the experimentally measured spectral
bandwidth. The 1.1 THz FWHM is less than half the comb spacing (~2.26 THz), ensuring
adequate spectral selectivity between adjacent orders. The corresponding results for the low-
fluence condition (0.8 mJ cm™) are presented in Fig. S5 of the Supplementary Information.

In Fig. 7a, the experimental signal and the reconstructed waveform based on the extracted
comb components are plotted together, showing good agreement with the observed temporal
modulation. Figures 7b and 7¢ highlight the first- and second-order (m = 1 and 2) components
of the frequency comb. The lowest-order component (m = 1) exhibits the strongest amplitude
and a well-defined wave packet, indicating a dominant nonlinear contribution, while the
second-order component (m = 2) also shows a pronounced amplitude, confirming strong
nonlinear coupling between the underlying modes. In contrast, the signal becomes noticeably
weaker for higher orders (m > 3), where only the comb-like spacing remains discernible. This
indicates that the frequency comb behavior persists in the higher-order regime, although with
substantially reduced contribution from higher-order components.

Nevertheless, components up to m = 6 can still be identified within the accessible spectral
range, suggesting that the comb structure extends beyond the dominant low-order regime. All
extracted components exhibit wave-packet envelopes ~2 ps, highlighting that temporal overlap,
in addition to spatial overlap, plays an important role in the formation of the THz frequency

comb.

Conclusions

In summary, we have experimentally demonstrated the emergence of a THz frequency
comb in spintronic magnetic multilayers. By engineering [Pt/Co/W/MgQO], heterostructures to
maximize interfacial spin-charge conversion, we have successfully moved beyond the linear
regime of THz emission into a regime of coherent nonlinear dynamics. Our findings reveal that

the frequency comb is not merely a high-power artifact, but a precisely structured phenomenon
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arising from the nonlinear coupling of two fundamental spin modes, specifically an ISHE-
dominated spin—charge conversion mode (~0.8 THz) and exchange-interaction dynamics (~2.0

THz). The universal linear scaling of the comb-order peak positions, f(f,ol;"b =fi +mf,,

confirms that these periodic spectral structures are fundamentally linked to the sub-picosecond
temporal overlap and nanoscale spatial confinement of the excitation packets. The addition of
a W layer, whose spin Hall angle is opposite to that of Pt, significantly enhances the interfacial
spatiotemporal overlap between the comb-relevant modes, thereby facilitating the generation
of higher-order THz comb components up to 15 THz. This work connects nonlinear frequency-
comb physics with spintronic THz emission, establishing magnetic multilayers as a versatile
platform for coherent high-order THz spectral structuring. Beyond fundamental interest, these
results provide a new spectroscopic ruler for measuring and manipulating ultrafast electron,
lattice, and spin interactions on their intrinsic non-equilibrium timescales. Our approach
provides a foundation for high-precision spintronic metrology and, with further engineering,

may enable compact THz frequency-comb sources for spectroscopy and communication.
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Method

THz emission experiment:

The THz emission measurements were conducted at the Pohang Accelerator Laboratory (PAL)
in South Korea. A femtosecond laser pulse was generated by an amplified Ti:sapphire laser
with a central wavelength of 800 nm, a bandwidth of 20 nm, a pulse duration of 120 fs, and a
repetition rate of 1 kHz. The pump pulse was typically incident on the sample surface at a
fluence of 0.8 or 1.6 mJ cm, with an approximate spot diameter of 5 mm at the e intensity
level. In the optical pump-probe experiment, both the pump and probe pulses were p-polarized.
A 1-mm-thick ZnTe crystal was used to detect the THz signal via electro-optic sampling. The
time-domain THz emission experiment was performed using a femtosecond-laser pump in an
in-plane external magnetic field of 30 mT. The schematic diagram of the experimental setup is
shown in Fig. 1b. All time-domain THz waveforms were obtained by averaging the results of
three or more repeated scans under identical experimental conditions. The individual scans
showed nearly identical temporal profiles, confirming the high reproducibility of the measured

THz emission signals.

Sample Fabrication:

The multilayer samples [Pt(1.8)/Co(2)/MgO(1.8)], and [Pt(1.8)/Co(2)/W(1.8)/MgO(1.8)],
were grown on 0.5-mm-thick, double-polished, (0001)-oriented sapphire substrates by
magnetron sputtering. All films were deposited at room temperature after achieving a base
pressure of ~10® Torr. The Pt layer was deposited at a working pressure of 0.593 mTorr with
a thickness of 1.8 nm. The Co layer was deposited at a working pressure of 0.578 mTorr with
a thickness of 2 nm. The W layer was deposited at a working pressure of 0.593 mTorr with a
thickness of 1.8 nm. The MgO layer, used as a capping layer to prevent oxidation, was

deposited at a working pressure of 4.125 mTorr with a thickness of 1.8 nm.

Data availability

The data supporting the findings of this study, including the numerical data underlying the
figures, are available from the corresponding authors upon reasonable request.
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Figures

Fig. 1| Conceptual scheme and experimental setup. a, Schematic illustration of the proposed
THz frequency comb formation in spintronic heterostructures. An ultrafast spin current
response and ultrafast exchange dynamics coexist near the Co/(Pt or W) interface, and their
spatiotemporal overlap gives rise to comb-forming nonlinear coupling that follows the relation

f(f,‘{;”b = f; + mf, . b, Experimental setup for femtosecond optical-pump/THz emission

measurements on [Pt/Co/MgQO], and [Pt/Co/W/MgO], multilayers.

Fig. 2 | Fluence-dependent THz emission from [Pt/Co/MgO], multilayers. a,b, Time-
domain THz emission signals measured at pump fluences of 0.8 and 1.6 mJ cm™, respectively,
forn =1, 2, and 3. ¢-d, Corresponding FFT spectra on a linear scale. Insets show normalized
FFT spectra below 3 THz, highlighting the evolution of low-frequency components; the shaded
orange band marks the ~0.8 THz region, which becomes pronounced only for n = 3. e-f, FFT
spectra on a log scale. While no distinct high-frequency features appear above 3 THz at low
fluence, regularly spaced comb-like spectral lines emerge at 1.6 mJ cm for the n = 3 multilayer

(green guides), indicating the onset of nonlinear THz frequency comb formation.

Fig. 3 | Fluence-dependent THz emission from [Pt/Co/W/MgO], multilayers. a,b, Time-
domain THz emission signals measured at pump fluences of 0.8 and 1.6 mJ cm™, respectively,
forn =1, 2, and 3. ¢-d, Corresponding FFT spectra on a linear scale. Insets show normalized
FFT spectra below 3 THz for direct comparison of the low-frequency components; the shaded
orange band marks the ~0.8 THz region. e-f, FFT spectra on a log scale. While no distinct high-
frequency features appear above 3 THz at low fluence, regularly spaced comb-like spectral

lines emerge at 1.6 mJ cm for all [Pt/Co/W/MgO], multilayers (green guides).

Fig. 4 | Verification of THz frequency comb formation and mode decomposition. a, Peak
positions extracted from the FFT spectra of [Pt/Co/MgO]z and [Pt/Co/W/MgO], multilayers at

Fp = 1.6 mJ cm™. The observed peaks follow the linear relation f(f,ol;"b = fi + mf,, with f; =

0.95 THz and f, = 2.26 THz, confirming the discrete comb spacing. b, Representative mode
decomposition of the THz emission waveform measured from the [Pt/Co/W/MgQO]; sample at

Fp = 1.6 mJ cm™, obtained using Eq. (1). The experimental waveform (open black symbols) is
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reproduced by a superposition of three characteristic components centered near: ~0.4 THz
(black), ~0.8 THz (red), and ~2.0 THz (blue). The green dashed curve denotes the total fitted
waveform. ¢, FFT spectra corresponding to the decomposed time-domain components shown

in b, together with the experimental spectrum and the total fit.

Fig. 5 | Representative time-domain decomposition of comb-relevant THz modes at high
fluence. High-fluence results (1.6 mJ] cm?) for [Pt/Co/MgO]s;, [Pt/Co/W/MgO]i,
[Pt/Co/W/MgO], and [Pt/Co/W/MgO]s. a, Experimental THz waveforms (open squares), total
fitted signals (green dashed lines), decomposed mode components (~0.4 THz, black; ~0.8 THz,
red; ~2.0 THz, blue), and the residual component obtained from Exp. — Fit. (magenta). b—d,
Individual time-domain components centered near ~0.4 THz, ~0.8 THz, and ~2.0 THz,
respectively. Solid lines show the oscillatory waveforms, and dashed lines denote their

corresponding envelopes.

Fig. 6 | Temporal overlap of interfacial THz modes and emergence of the comb-related
wave packet. a,b, High-fluence results (1.6 mJ cm™) for [Pt/Co/MgO]s and [Pt/Co/W/MgOls
multilayers. a, Temporal envelopes of the ~0.4 THz (black), ~0.8 THz (red), and ~2.0 THz
(blue) components. The shaded green region indicates the overlap envelope |E'§,°mb[t]|
obtained from the combined temporal overlap of the higher-frequency modes. b,
Corresponding residual signals (Exp. — Fit.) together with the extracted comb-related wave
packet (green shaded region), showing strong temporal correlation with the overlap envelope.
¢,d, Same analysis as in a,b, respectively, performed at a lower pump fluence of 0.8 mJ cm™,

where the overlap envelope and the corresponding comb-related signal are strongly suppressed.

Fig. 7 | Extraction of individual comb orders from the measured THz waveforms.

a, Experimental residual signals (Exp. — Fit., black squares) at high pump fluence (1.6 mJ cm™2)
for [Pt/Co/MgO]z, and [Pt/Co/W/MgO], multilayers, together with reconstructed traces
(orange) obtained by summing the extracted comb-order components. b—g, Band-pass—filtered
comb-order components corresponding to m = 1~6, with center frequencies f(f,‘l))mb = 3.21,
5.47,7.73,9.99, 12.25, and 14.51 THz, respectively. The higher-order components (m > 3) are

vertically scaled for clarity.
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