nature physics

Article

https://doi.org/10.1038/s41567-022-01908-1

Coupling of terahertzlight with nanometre-
wavelength magnonmodesvia
spin-orbit torque

Received: 18 May 2022

Accepted: 2 December 2022

Published online: 30 January 2023

W Check for updates

Ruslan Salikhov® ', Igor Ilyakov?, Lukas Kérber ® '3, Attila Kakay®',
Rodolfo A. Gallardo®, Alexey Ponomaryov?, Jan-Christoph Deinert®?,
Thales V. A. G. de Oliveira®?, Kilian Lenz®", Jiirgen Fassbender®'3,
Stefano Bonetti ® *%, Olav Hellwig® ", Jiirgen Lindner' & Sergey Kovalev®?

Spin-based technologies can operate at terahertz frequencies but require
manipulation techniques that work at ultrafast timescales tobecome
practical. Forinstance, devices based on spin waves, also known as
magnons, require efficient generation of high-energy exchange spin waves
atnanometre wavelengths. To achieve this, a substantial coupling is needed
between the magnon modes and an electro-magnetic stimulus such as
acoherent terahertz field pulse. However, it has been difficult to excite
non-uniform spin waves efficiently using terahertz light because of the large
momentum mismatch between the submillimetre-wave radiation and the
nanometre-sized spin waves. Here we improve the light-matter interaction
by engineering thin films to exploit relativistic spin-orbit torques that are
confined to the interfaces of heavy metal/ferromagnet heterostructures.
We are able to excite spin-wave modes with frequencies of up to 0.6 THz
and wavelengths as short as 6 nm using broadband terahertz radiation.
Numerical simulations demonstrate that the coupling of terahertz light

to exchange-dominated magnons originates solely from interfacial spin—
orbittorques. Our results are of general applicability to other magnetic
multilayered structures, and offer the prospect of nanoscale control of
high-frequency signals.

The increasing demand for fast and energy-efficient communication  research within the past decade* . Terahertz spin pumping via antifer-
and data processing stimulates new concepts for terahertz spintronics  romagnetic magnon excitations canalso berealized, as demonstrated
and magnonics. These concepts require ultrafast (thatis, at timescales  recently”®. To generate resonant excitations at terahertz frequencies
of picoseconds and below) manipulation of the magnetic spindegreeof  intechnologically relevant metallic ferromagnets, high-energy spin
freedom for the generation of spin currents and short-wavelengthmag-  waves have been proposed’ ™. In these studies, nanoscale-wavelength
nonsat terahertz frequencies'>. Owing to their terahertzspindynam-  spin waves are launched by making use of laser-pulse-driven spin cur-
ics, antiferromagnetic materials have been the particular focus of  rents—that s, optically induced spin-polarized electrons that move
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into the interface region of an adjacent ferromagnetic layer. There,
the net angular momentum flow creates a spin-transfer torque that
actsonthe magnetization, consequently exciting high-frequency spin
dynamics. As aresult, an interface-localized broadband wave packet
of nanometre-wavelength magnons launches from the top surface
into the depth of the ferromagnetic layer”, followed by its reflection at
thelayer’sbottomsurface. This finally results in perpendicular stand-
ing spin waves (PSSW), which are detected by using magneto-optical
techniques’™.

Besides optical light, broadband terahertz radiation has been
suggested as ameans to access ultrafast magnetization dynamics™ 2.
In this case, the magnetic field component of the terahertz pulse is
coherently coupled to the spin systemviathe Zeemaninteraction, and
accordingly resultsinatorque that drives magnetization dynamics at
picosecond timescales™2*. However, the excitation of non-uniform
and short-wavelength coherent spin waves using a terahertz light
source has not been reported yet. This is due to the very inefficient
couplinginvolved, asthe momentum of the terahertz light and that of
short-wavelength magnons are different by orders of magnitude. Here
we overcome this obstacle and demonstrate an efficient and coherent
excitation of nanometre-wavelength spin-wave modes in Ta/Py/Pt
(where Py is Nig,Fe o) trilayers using a broadband terahertz pulse with
about1 psduration. Unlike the above-mentioned excitation schemes,
the coupling of the terahertzradiation to the spin wavesis realized via
the spin-orbit torque (SOT)*, which has been predicted to be efficient
even at terahertz frequencies”*®. We used a single-cycle terahertz
pulsetoinduceacurrentinthe Taand Pt metalliclayers. This electrical
current was then converted into aspin current via the spin Hall effect,
which in turn generated a torque acting on the magnetization of the
Py layer. Owing to the strong localization of the spin polarization,
short-wavelength coherent magnons were excited at the two Py inter-
faces, and propagated towards each other, resulting in PSSW modes.
We demonstrate that the terahertz SOT induces PSSW modes in Py
films of 6-12 nm thickness with mode dispersionin agreement with the
exchange-dominated analytical relation of the spin-wave-resonance
(SWR) frequency fr (k) (Kittel formula) given by:

2afswr = 2afo + (Dex/h) K. @

Inequation (1) f, is the uniform mode frequency of the ferromagnetic
layer, D, is the exchange stiffness parameter, 7 is the reduced Planck
constant and k =Tin/d,, is the wavenumber, which is indexed by the
number of nodes, n, in the Py layer of thickness d,,. As we show below,
no PSSW modes were detected in Ta/Py/Taand Pt/Py/Pt trilayers with
symmetricinterfaces, confirming that the direct coupling of the mag-
neticfield of the terahertzradiationto the Py layer cannot be the source
of the detected spin waves.

Experiment
To study spin dynamics, we employed time-resolved magneto-opticsin
aFaraday configuration, as schematically shown in Fig. 1a. An intense
single-cycle terahertz pulse is focused onto a trilayer sample and the
sample’s magnetization state is then probed by polarization rotation of
adelayed100 fs probe pulse with a central wavelength of 800 nm. The
terahertzand probe pulses are collinear and have normalincidence with
respect tothe sample surface. In this configuration, the polarization of
the probe pulse is sensitive to the out-of-plane (z axis) magnetization
component, whichisdriven by the terahertzradiation. Amore detailed
description of the pump-probe experimentis provided in the Methods.
We studied Ta(3 nm)/Py(9 nm)/Pt(2 nm) samples, as shown in
Fig.1a (the thickness of each individual layer is given in parentheses).
As reference samples, we also used Ta(3 nm)/Py(9 nm)/Ta(3 nm) and
Pt(2 nm)/Py(9 nm)/Pt(2 nm) samples with symmetric interfaces. All
samples were deposited ontransparent double-sided polished quartz
glass, as well as on Al,O, substrates with a substrate thickness of 3 mm.

Different substrates are used to account for the back-reflected tera-
hertzsignalin transmission geometry. We employed a 50 mT external
magnetic field (H,) to keep the samples magnetically saturated with
the magnetization (M) in the film plane, with the option to make it
parallel or orthogonal to the magnetic field component of the incident
terahertz pulse (Hy,,).

Figure 1b presents a comparison of the time-resolved magneti-
zation dynamics in asymmetric Ta/Py/Pt versus symmetric Ta/Py/Ta
samples (the symmetric Pt/Py/Pt sample shows anidentical response
tothe Ta/Py/Ta; see Supplementary Note 1and Supplementary Fig.1).
Atypical coherent response driven by the Zeeman interaction between
the Py magnetization and H,, (seen as a single-cycle transient of about
1psduration) is evident for all samples'”*°*, The Zeeman torque-driven
magnetization dynamics in the asymmetric and symmetric samples
result in a similar signal, which we will refer to as the Zeeman torque
signal (ZTS). In contrast to the samples with symmetric interfaces,
oncethe terahertz pulse has passed through the sample, the signal of
the Ta/Py/Ptsample clearly exhibits additional features in the form of
oscillations at longer delay times (see the black curve in Fig. 1b). The
amplitude of the magnetization’s precessional signal, Aqy, is about 7.5%
ofthe ZTS amplitude A, for this particular sample, asindicated by the
dashed lines in Fig. 1b. The frequency of the oscillations is calculated
to be at 0.29 + 0.01 THz, which we attribute to the SWR mode with
n=2inequation (1). Boththe ZTS and SWR show a linear response with
respect tothe amplitude of the terahertz field (Supplementary Note 2
and Supplementary Fig. 2), indicating that they are not due to the heat
deposited by the radiation. Furthermore, the absence of the SWRin the
Ta/Py/Ta(and Pt/Py/Pt) sample suggests that H;,,, alone cannot be the
driving force for the detected spin-wave excitations. In the following,
we show instead that the SOT is the mechanism responsible for the
observed magnon modes, employing the characteristic symmetry of
SOTsinduced by the terahertz field.

To confirm that both ZTS and SWR signals from the Ta/Py/Pt
sample are magneticin origin, we presentin Fig. 1c the response of
the Ta(3 nm)/Py(8.6 nm)/Pt(2 nm) sample with the magnetization
aligned perpendicular (black curve) or parallel (red curve) to Hy,.
The vanishing ZTS in the parallel configuration indicates its mag-
netic origin, since the Zeeman torque is zero for a magnetization
oriented parallel to Hyy, (ref. ). Similarly, the SOT is inefficient for
electrical fields orthogonal to the in-plane magnetization*°, hence
the SWR signal was not detected. We attribute the small ZTS visible
in Fig. 1to a slight misalignment, possibly also due to a non-ideal
polarization of the terahertz field. We also checked the effect of
reversing the external magnetic field H,, on the Faraday signal
(Fig.1d). Both the coherent and the oscillatory responses reversed
their sign on reversal of the sign of H,,. The sign inversion of the
ZTSwas expected, as the Zeeman torque is asymmetric under mag-
netization reversal®. The asymmetric behaviour of the SWR signal
isafurtherindication that the SOT is the driving mechanism, aswe
reason below.

To explain the asymmetric behaviour of the SWR signal in Fig. 1d,
we start with the Landau-Lifshitz-Gilbert equation:

0/m = —y(m x Hegr) + am x 0,m. ()

In equation (2) m = M/M,is the magnetization unit vector normalized
to the magnetization at saturation M, y is the gyromagnetic ratio, t is
time and a is the Gilbert damping parameter. The effective field H.
isgiven by:

Heft = Heye + Hyy, + He + Hpy, 3)
where we consider the SOT-induced field-like Hy, and damping-like

Hy, equivalent fields with Hy, o< (z x j) and Hp, = (j x z) x m (refs, 262>%°),
Herejis the electrical current density induced by the terahertz field
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Fig.1| Terahertz SWR excitation in a Py layer. a, Schematic of the experiment.
Thesingle-cycle terahertz pulse isincident on the Ta/Py/Pt sample, which
excites standing SWR modes in the Py layer. The z-axis dynamic component of
the Py magnetizationis detected using a100 fs laser-probe pulse via the Faraday
rotation effect. b, Comparison of the magnetization dynamicsin two different
samples with symmetric (Ta/Py/Ta) and asymmetric (Ta/Py/Pt) interfaces. The
spin-wave excitation, which follows the ZTS, is evident (much more pronounced)
for the asymmetric sample. ¢,d, Comparison of the magnetization dynamics

-4 -2 0 2 4 6 8 10 12 14 16
Delay time (ps)

inthe Ta/Py/Pt sample for Py magnetization aligned perpendicular (black) and
parallel (red) with respect to Hy,,, (c) and for different polarities of the external
magnetic field (d), which is perpendicular to the terahertz magnetic field. The
deviations in the precessional oscillation seen at a delay time beyond 11 ps in (b)
and (c) result from back-reflected terahertz radiation of the SiO, substrate, which
vanishes when we use an Al,O; substrate with larger refractive indexind. a.u.,
arbitrary units.

and z is the unit vector normal to the sample plane. According to
equations (2) and (3), the field-like torque is antisymmetric on inver-
sion of the magnetization, whereas the damping-like torque is sym-
metric. This points to the fact that the field-like torque is responsible
for the terahertz-generated SWR signals, explaining the 180° phase
shiftinFig.1d. The reason for the field-like torque prevailing over the
damping-like one in our experiment requires further study. We note,
however, that when the magnetization lies in the film plane, H, could
bemuchlarger thanH,,, in contrast to a canted magnetization state’.
Finally, we exploited the asymmetry of the field-like torque when the
sample was flipped with respect to the incident beam direction. This
isshown schematically in Fig. 2a.

According to equations (2) and (3), inverting the order of the Ta/
Py/Ptlayers withrespecttothebeamdirection should not change the
sign of the signals induced by Hy,,,, whereas Hy, is expected to reverse
itsdirection due tothe opposite sign of the spin Hallangle in Taand Pt,
asillustratedin Fig. 2a. Accordingly, opposite directions of the torque
would lead to a 180° phase shift in the dynamical components of the
magnetization. This scenario is revealed in our experiment in Fig. 2b:
when the sampleis mounted with the Talayer side towards theincom-
ingbeam, theZTS induced by Hy,, isidentical to that observed with the
flipped sample (thatis, with the Pt layer towards the incoming beam).
The SWR signal, however, displays a 180° phase shift, confirming the
SOT scenarioillustrated in Fig. 2a. Exploiting the opposite symmetry of
the two main effects, we could isolate the dynamics of the SOT-induced
effect by determining the difference of the signals recorded with the
sample mounted in opposite configurations. The difference signal,

shown in the inset of Fig. 2b, reveals clear damped oscillations ata
frequency of 0.29 + 0.01 THz.

The time delay scans of the difference signal for different Py
thicknesses are presented in Fig. 3a. All samples displayed damped
oscillations, and we fitted our data using a decaying cosine function.
The thickest 12 nm Py sample exhibited a more complex dynamical
behaviour, therefore the best fit to the curve was achieved using a
superposition of three damped cosine functions®:

3
(o) =Y, a; e cos2mfit + ;) (4)

i=1

where ¢ (t)is the time-dependent difference signal, a;and ¢, are the
initial amplitudes and phases of the ith mode and f; and 7, are the fre-
quency modes and characteristic damping times. The inset in Fig. 3b
shows the mode frequencies as afunction of k*for the 12 nm Py sample.
The dependence on the wavenumber squared is evident, which we
fitted using equation (1). The SWR frequency as a function of Py layer
thickness forall Ta/Py (d;,)/Pt samplesis plotted in Fig. 3b. As expected,
the frequency increased with decreasing Py thickness and reached
0.6 + 0.01 THz for dpy = 6 nm. The fit using equation (1) revealed that
the SWR modein all samples corresponded to the n=2mode, and the
extracted exchange stiffness was D, =240 +20 meV A?
(A, =8+0.8 pJ m™, where A,, is the exchange constant). This value is
similar to that reported previously for thin Py films®***; furthermore,
the fit to the multiple modes of the 12 nm Py sample (inset in Fig. 3b)
revealed identical D,,, indicating that the exchange stiffness did not
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Fig.2 | Geometry-dependent SOT-driven magnetization dynamics. a, The
half-period terahertz field E;,,, generates electrical currentsjin the Ptand Ta
layers. The spin Hall effect converts the charge currents into respective spin
currents, leading to a spinaccumulation at the Py interfaces. As Ta and Pt have
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effective field Hy, in these two geometries and, accordingly, opposite torques
on M. The z-axis-projected dynamic magnetization components have antiphase
time evolution at the interfaces (due to their opposite torques, marked by
green arrows), which can be detected by comparing the SWR signals for the two
configurations. b, Experimental comparison of the magnetization dynamics
inthe Ta/Py/Pt sample for the aforementioned configurations. The antiphase
behaviour of the SWR signals is evident. The inset shows the difference signal of
theblack and red curves.
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Fig.3|TerahertzSWR modes in Py samples with different thicknesses.

a, Difference time delay scans in Ta/Py/Pt samples with Py thicknesses of between
6 nmand 12 nm. The presented signals are the result of the difference between
two Faraday signals, as previously shown in Fig. 2b. The red lines are the fit to the
data points using a decaying cosine function. The 12-nm-thick Py sample exhibits
three modesn=2,3,4.b, Resonance frequency of the n=2mode as a function

of Py thickness (black circles). The blue circles represent the frequency for the
equivalent thickness of n =3 and n = 4 modes detected in the 12-nm-thick Py

Py thickness (nm)

(inset). The equivalent thickness is calculated as a corresponding thickness of
n=3andn=4modesrecalculated tothe n=2mode. Theredlineisafittoall data
points, representing the universal 1/d,,> behaviour for n =2 modes in Py films
with different thickness, and for different modes in the 12-nm-thick Py. Vertical
error bars are extracted from the fitting errors in the analysis of the difference
time delay scans using the decaying cosine function. If not otherwise shown,

the error bar is smaller than the symbol size.

change much when the Py thickness was decreased down to 6 nm.
Modes larger than n=2became visible in 12 nm Py as the thickness of
the metallic sample was comparable to the probe light penetration
depth, which was typically 10-15 nm (refs. ***). The details of the
mode-selective detectionin our experiment are discussed below. The
relaxation time of the SWR increased with Py thickness. The effective
damping parameter of the n=2 mode in the 9 nm Py sample was cal-
culated to be a=0.062 + 0.002, which is comparable to the values
reported for the PSSW modes at 0.3 THz (refs. ™). This value, however,
islarger than a,; = 0.014 of the n =2 mode in 50-nm-thick Py**, suggest-
ing a substantial wave number-dependent damping contribution at
terahertz frequencies'***,

Micromagnetic modelling

To gain further insight into the origin of the SWR signal in the Ta/Py/Pt
asymmetric system, we modelled the magnetization dynamics micro-
scopically using the MuMax3 code* (see the Methods for details). The
magnetic properties of the samples, as well as the asymmetric pinning
duetodifferent surface anisotropies at Ta/Py and Py/Ptinterfaces, were
extracted from the ferromagnetic resonance characterization discussed
inthe Supplementary Note 3 and Supplementary Fig. 3. We note that no
SWR was obtained in the simulations when a homogeneous or linearly
decaying profile of Hyy, (ref. *) was assumed within the Py thickness.
This also confirmed that the direct action of Hy;, on the magnetization
(Zeeman torque itself) cannot be the origin of the SWR signal.
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Ta/Py/Ta (red line, bottom panel) samples with 9 nm Py layer. For the asymmetric
(symmetric) sample, the SOT fields localized at the two Py interfaces are parallel
(antiparallel) with respect to each other. Black arrows illustrate the z-axis-
projected magnetization dynamical components across the Py thickness. One
cansee that the in-phase precession of the magnetization at the two interfaces
supports the even-nmodes (n = 2, black dashed line in the top panel), while the
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antiphase precession results in the odd-n modes (n = 3, black dashed line in the
bottom panel). Allmodes are unpinned, as the interface anisotropy is not strong
enough anymore to pin the exchange-dominated spin waves. b, Fast Fourier
transform spectra for the magnetization dynamics in the asymmetric Ta/Py/

Pt (blue line) and symmetric Ta/Py/Ta (red line) samples. The spectrum for the
asymmetric interfaces with different SOT-field amplitudes (10 mT and 2 mT,
black dashed line) at the two interfaces demonstrates n = 2,3 and 4 modes.
Allthree modes are detected in the 12-nm-thick sample, where the thickness of
the metallic layer is comparable to the probe light penetration depth.

Having verified that the terahertz magnetic field does not con-
tribute to the spin-wave excitation, we estimated the magnitude of H,.
To do so, we first considered the large refractive index of the metallic
films, and calculated the absorbed terahertz power using the transfer
matrix method***. Next, we estimated the electric current density,
which causesthe terahertz power absorption (see Supplementary Note
4 and Supplementary Fig. 4 for details). The current density was calcu-
lated to be aboutj =102 A m™ We assumed an SOT efficiency o Hy /j =
10™ T A'm?(ref.?®) and, accordingly, arrived at yoH;, =10 mT. We fur-
therlocalized the field bsor = ttoH;, =10 mT at the twointerfaces of the
9-nm-thick Py layer within a depth comparable to the spin coherence
length, as schematically shown in Fig. 4a. The spin coherence length
was assumed tobe 2 nm, whichis areasonable value for 3d metals and
for Py in particular®****, Furthermore, our simulations revealed that
the chosenspincoherencelengthintheinterval betweenl nmand3 nm
did not notably influence the SWR amplitudesin the 9 nmPy. Figure 4b
plots the simulated spectra for the parallel (as shown in the top panel
inFig.4a) and antiparallel (bottom panelin Fig. 4a) alignment of by at
thetwo interfaces of the Py layer. The parallel alignment corresponds
to the asymmetric Ta/Py/Pt sample, as the opposite sign of the spin
Hallanglein Taand Pt resulted in the same torque direction atboth Py
interfaces, as schematically shown in Fig. 2a. Accordingly, the opposite
direction of the field-like torque inthe Ta/Py/Ta sample corresponded
tothe antiparallel alignment of bso. The n =2 mode in the asymmetric
sampleis evident (blue line in Fig. 4b). Furthermore, as expected, the
symmetric sample did not display even-n modes (red line in Fig. 4b),
instead n=1and n =3 modes have substantial amplitudes. These modes
were not detected in our experiment as counter-propagating coher-
ent spin waves (which are antiphase and have identical amplitudes)
within the transient time of about 2 ps develop standing spin waves
with anet-zero dynamical component projected along the zaxis. This
did not hold for the asymmetric Ta/Py/Pt sample, as the precession
amplitudes at the Ta and Pt interfaces were different due to different

SOTs acting on the magnetization. This resulted in an in-depth asym-
metrical profile of the dynamical components during the transient
time, which was longer than the studied time-delay interval of 25 ps
inFig.3a. The asymmetrical magnetization profilein turn allowed the
detection of the magnetization dynamics in a Faraday geometry. Dif-
ferent magnetization excitation amplitudes at the two interfaces are
also expected toresultin the odd-n modes. This scenario was verified
using micromagnetic modelling by adjusting by at the two interfaces
to be 10 mT at the Pt side and 2 mT at the Ta side. The corresponding
Fourier spectraare presentedin Fig. 4b (dashed blackline). Besides the
even-n modes, we obtained the n =3 mode with a substantial ampli-
tude. Thismode, however, was not detected in the Ta/Py/Pt with9 nm
Py, presumably due to the fact that at 0.6 THz the mode was strongly
damped. Additionally, at 0.6 THz, the pump pulse amplitude in the
experimental spectral density was about 30% of the peak amplitude
at 0.3 THz (Extended Data Fig. 1). The signal from the n =3 mode is
therefore expected to be threefold smaller than the signal from the
n=2mode.Furthermore, the asymmetry ratioin bs,; (10 mT/2 mT) at
thetwointerfaces could be smaller, resulting ina smaller amplitude of
then=3mode. Nevertheless, the higher-order modes (n=3andn=4)
were resolved when the thickness of the Py layer became comparable to
thelaser-probelight penetration depthinthe 12 nm Py sample (Fig. 3).

Discussion

Using time-resolved magneto-optics, we unambiguously demonstrate
the efficient excitation of nanometre-wavelength coherent spinwaves,
driven by terahertz radiation, in a ferromagnetic layer sandwiched
by different heavy metals with spin Hall angles of opposite sign. Our
experimental and theoretical studies of asymmetric Ta/Py/Pt versus
symmetric Ta/Py/Tasystems rule out the possibility that the terahertz
magnetic field alone is the source for the SWR, detected in the asym-
metric sample. Exploiting the opposite sign of the spin Hall angle in
Taand Pt, and the antisymmetric nature of the field-like torque under
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magnetization reversal and sample flipping, we demonstrate that the
SOT induced by the terahertz field pulse in the heavy metal layer is
the driving force for the terahertz magnons. The efficient excitation
of the n =2 mode in the asymmetric Ta/Py/Pt samples is explained by
the fact that the magnetization at the two interfaces of the Py layer
experiences a torque in the same direction (Fig. 2a). Such in-phase
precessionat the two interfaces meets the criteria for the observation
of the n=2mode, as schematically shown in the top panel in Fig. 4a.
Themode frequency increases quadratically with decreasing Py thick-
ness, according to equation (1), and reaches amaximum of 0.6 THzin
6-nm-thick Py. Thelifetime of the 0.6 THz mode is, however, two times
shorter thanthe 0.29 THzmode in 9 nm Py. The decrease of the mode
lifetime with frequency is presumably one of the main reasons why the
higher harmonicsignals (above 0.6 THz) are absent in our experiment.
Assoonasthelaser-probelight penetration depth becomes compara-
bleto thePy thicknessinthe12 nmPy, we wereabletoresolvethen=3
mode. This indicates that the SOT-induced magnetization dynamics
amplitudes are different at the Ta and Pt interfaces. The asymmetric
torques attwo differentinterfaces are expected, as the SOT efficiency
at the Tainterface is usually smaller than at the Pt one. In the case of
symmetric interfaces (that is, in the Ta/Py/Ta sample), the SOT gen-
erates counter-propagating coherent magnon packets, which are in
antiphase. Consequently, they cancel outeach otherinthe Pylayer,and
standing spin-wave modes with an even number of nare not excited. The
odd-number PSSW modesin the Ta/Py/Tasample cannot be detected
in our experimental geometry for the reasons discussed above. The
assumed SOT efficiency poHy /j =10™ T A" m?is equivalent to about a
HoHe =10 mT field and is assumed to be similar to thatin magnetotrans-
port measurements®**® according to the theoretical predictions*5.
We note, however, that the exact verification of the SOT efficiency at
terahertz frequenciesrequires further studies with calibrated Faraday
angles using high magnetic fields. These studies are of great interest,
asthey offer contactless and lithography-free characterization of SOT
efficiency in complex heterostructures.

Our work demonstrates the coupling of terahertz light with mag-
non modes of corresponding energy. Unlike optically induced spin
waves’ ™ thisterahertz-frequency magnonexcitation viaSOT is linear
with the amplitude of the terahertz field, which allows us to achieve
coherentand efficient control over the excitation, whichis of much fun-
damentaland appliedinterest. Furthermore, the layered metallic stacks
based on an encapsulated ferromagnetic thin film act as an intrinsic
terahertz magnon source at zero magnetic field, and offer low-cost
fabrication and easy integration into existing technologies* *, thus
openinganattractive pathway towards low-power terahertz-frequency
magnonics and spintronics at the nanoscale.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-022-01908-1.
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Methods

Sample fabrication

Samples of Ta(3 nm)/Py(9 nm)/Ta(3 nm) and Ta(3 nm)/Py(d,,)/
Pt(2 nm) where dp,=6 nm, 7 nm, 8.1nm, 8.6 nm, 9 nm, 9.6 nm and
12 nmwere fabricated at room temperature by d.c.-magnetron sputter
depositionina 0.4 PaAratmosphereinan ultrahigh-vacuum BESTEC
system. We used 3-mm-thick double-side polished quartz (SiO,) and
sapphire (Al,0,) substrates. The thicknesses of all layers were con-
trolled via the deposition time. Before the sample fabrication, the
sputter rate of each individual material was calibrated using X-ray
reflectivity characterization of the corresponding film. For the mag-
netic characterization we used a 0.1-50 GHz vector network analyser
ferromagnetic resonance set-up.

Pump-probe measurement

Inthe experiment alaser systemwithalkHzrepetitionrate, 1.5 m]J pulse
energy, 800 nmcentral wavelength and 100 fs pulse duration was used.
The laser pulses were split into two branches: one for terahertz pulse
generation and the other for magneto-optical probing. The first pulse,
withapulse energy of about1.2 mJ, generated asingle-cycle terahertz
pulseviaatilted pulse front scheme in alithium niobate (LiNbO;) crys-
tal. The terahertz pulse was then refocused onto the sample surface
with full-width at half-maximum spot diameter of 0.8 mmand a pulse
energy of 2 pJ. The probe pulse was transmitted through the sample
and was spatially overlapped with the pump pulse. The temporal delay
between the two pulses was controlled using a linear delay stage. The
terahertz-induced rotation of the probe pulse polarization was meas-
ured with a balanced pair of photodiodes using a half-wave plate and
Wollaston prism placed behind the sample.

The peak electric field of (50 + 5 MV m™ of the linearly polarized
terahertz pulse was measured using electro-optical sampling. The
H-field amplitude was estimated to be 160 mT using B = E/c, where B
istheterahertzinductionand cisthe velocity of light. All experiments
were performedinadry nitrogen gas atmosphere to suppress absorp-
tion of the terahertz radiation by water vapour in air.

Micromagnetic modelling

Micromagnetic simulations were performed using a custom version
of the open-source GPU-accelerated micromagnetic solver MuMax3*°,
which relies on the time integration of the Landau-Lifshitz-Gilbert
equation of motion of the magnetization on a rectangular grid. The
ferromagnetic layers of different thicknesses were modelled using a
segment of 3 x 3 cells in the layer plane and 64 cells along the layer’s
thickness. Thelateral edge length of the cells was set to 5 nm, whereas
the cell size along the thickness direction varied between 78 and
203 pm, depending on the chosen layer thickness. To simulate an
infinitely extended layer, we applied true periodic boundary condi-
tions in the lateral directions. For the material parameters, we set a
saturation magnetization of u,M, =1T, an exchange stiffness constant
of A., =8 p) m™, anout-of-plane anisotropy of K, = 25 k) m2and a Gilbert
damping constant of a = 0.01. Asymmetric surface anisotropy was
implemented using additional out-of-plane anisotropies with con-
stants K, ;= K, ;in only the surface cells of the layer, where [is the cell
size along the thickness direction and the surface anisotropy constants
K,;=0.1m) m2andK;,= 0.2 mJ m 2 Thein-plane-saturated equilibrium
state was found by applying an external magnetic field of B, =50 mT.
Spin-wave dynamics were excited using a SOT field with a pulse profile:

bsor (z,t) = [by exp (=A,2)] sin (wyt) exp (—22/22),

where the pulse parameters w,=4.4 THz and t,>=1.6 ps® are
empirical, fitting the terahertz pump pulse spectrum. The field

bsor (b, =10 mT with a skin depth A, =1-3 nm, according to the spin
coherence length in Py) were applied in the film plane and perpen-
dicular to the direction of magnetization (that is, perpendicular
to Bpc). The magnetization dynamics was simulated for 250 ps and
sampled every 100 fs. Subsequently, a fast Fourier transform of
the time evolution of the magnetization was performed for each
discretization cell to obtain the spectral response as a sum of all
cell contributions.
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Extended Data Fig. 1| Temporal and spectral characteristics of THz-pump pulse. a, EOS signal from the broadband THz radiation, displaying the time profile of the
singe-cycle THz-pump pulse. b, Fourier spectrum of the THz pulse normalized to the peak amplitude.
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