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photon coupling
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Ryo Kainuma'?, Keita Matsumoto'?®, Toshimitsu Ito® & Takuya Satoh'*

For the realization of magnon-based current-free technologies, referred to as magnonics, all-optical
control of magnons is an important technique for both fundamental research and practical
applications. Magnon-polariton is a coupled state of magnon and photon in a magnetic medium,
expected to exhibit magnon-like controllability and photon-like high-speed propagation. While recent
studies have observed magnon-polaritons as modulation of incident terahertz waves, the influence of
magnon-photon coupling on magnon propagation properties remains unexplored. This study aimed
to observe the spatiotemporal dynamics of coherent magnon-polaritons through time-resolved
imaging measurements. BiFeO3; was selected as the sample due to its anticipated strong coupling
between magnons and photons. The observed dynamics suggest that antiferromagnetic magnons
can propagate over long distances, up to hundreds of micrometers, through strong coupling with
photons. These results enhance our understanding of the optical control of magnonic systems,

thereby paving the way for terahertz opto-magnonics.

In the past decade, significant research has been conducted on revolutionary
information-processing devices that utilize magnons as an information
carrier, marking significant progress in the field of magnonics'”. Following
the study reporting the spin-wave logic gate’, there has been extensive
exploration of ferromagnetic magnons. In recent years, research focus has
extended from ferromagnets (FMs) to antiferromagnets (AFMs)"’. This
extention is primarily due to the higher resonance frequencies of AFMs,
extending into the terahertz region. It is desired that magnons are excited
coherently and propagate over distances longer than their wavelengths to
leverage superposition and nonlinearity*®. However, the excitation and
detection of magnons in AFMs pose greater challenges compared to FMs
due to the absence of net magnetization in AFMs.

Established methods for magnon excitation include electrical spin
injection via the spin Hall effect’ and the use of nanometric coplanar
waveguides. While these methods can be applied to AFMs*’, they require
microfabrication. On the other hand, ultrashort light pulses can excite
and detect coherent magnons in a noncontact manner without the need
for microfabrication. Previous studies have demonstrated the all-optical
excitation and detection of antiferromagnetic magnons, attributing
these optical excitation mechanisms to inverse magneto-optical
effects'*"". Such nonthermal optical excitation is typically limited to
addressing magnons near the Brillouin zone center or edge, as magnons

in these regions often have a group velocity close to zero in AFMs,
hindering their propagation.

The energy transfer between magnons and photons gives rise to their
coupled states, known as magnon-polaritons. Magnon-polaritons can be
optically excited and are expected to exhibit a nonzero group velocity due to
their anti-cross-energy dispersion. Previous studies have primarily focused
on the magnonic features of the transmitted terahertz wave, which lacks
spatial resolution'”"". Consequently, the influence of magnon-photon
coupling on magnon propagation properties remains unclear.

This article reports on the all-optical coherent excitation and detection
of magnon-polaritons in BiFeOs. This material is anticipated to demon-
strate strong magnon-photon coupling due to the presence of
electromagnons”’. Additionally, the multiferroic nature of BiFeOj (ref. 16)
enabled the excitation and detection of magnon-polaritons in a single
material in contrast to a previous study using a hybrid ferroelectric-
antiferromagnetic waveguide””. Time-resolved imaging measurements
revealed that antiferromagnetic magnon in BiFeO; can propagate over long
distances, up to hundreds of micrometers in tens of picoseconds, by forming
magnon-polaritons. The excitation is based on nonthermal mechanism,
which does not require optical absorption®.

Figure 1a depicts a schematic of the multiferroic order in BiFeOs. At
room temperature, BiFeO; exhibits multiferoicity, characterized by
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Fig. 1 | Multiferroic BiFeOj3 single crystal. a The
schematic structure of multiferroic order of BiFeOs.
The blue bidirectional arrows illustrate the three
directional magnetic domains of the cycloidal order.
b BiFeO; single crystal used for our measurements.
The spatiotemporal waveforms observed in the two
red boxes were utilized for the analysis. The yellow
dashed square represents the area of 1000 x 1000
pixels that the camera measures at a time.
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Fig. 2 | Coherent propagation of magnon-polaritons and phonon-polaritons.

a The spatiotemporal waveform observed in the pump-probe imaging measure-
ment. The colors in the heat map, ranging from red to blue, represent the ellipticity
change of the circularly polarized probe pulse induced at each point of the sample.
The black dashed frame delineates the region of the Fourier transform for (d).

b, ¢ shows the same waveform as (a) with different Fourier transform regions for
(e, f), respectively. g-i are distributions in (d-f) integrated in the wavenumber

0.5 1.0

Frequency [THz]

direction within the region delimited by the red lines in (d-f). The red dashed line in
(g-1) represents 0.56 THz. j represents the time evolution of the power of the
components around the (anti-)crossing point. k illustrates the temperature depen-
dence of the frequency, which exhibited anomalous behavior in (j), along with the
eigenfrequency of the magnon ¥{"’ mode®. The error bars are defined by the fre-
quency resolutions.

ferroelectricity (Tc = 1100 K) and antiferromagnetism (T = 640 K). In the
antiferromagnetic phase, the Néel vector L displays a cycloidal order with a
period of 62 nm'**’. The wavevector q of the cycloidal order typically orients
in the [110],,., [011],., [101],,. directions, perpendicular to the ferroelectric
polarization, P||[111] ... Antiferromagnetic magnons, the eigenmodes of L,
are classified into @ and ¥ modes, corresponding to in-plane and out-of-
plane oscillations, respectively, relative to the plane spanned by P, and q
(ref. 21). The spatial periodicity of the cycloidal order folds the magnon
Brillouin zone, and deviations can be expanded using modulated plane wave
solutions exp[—i(k + nq) - r], where n denotes the nth magnon Brillouin
zone. This allows magnons with wavevectors k + nq to be accessible via
optical measurements, such as Raman'***** or infrared spectroscopy***’ and
pump-probe measurements™. Accordingly, the magnon eigenmodes are
labeled as ®,, and ¥,,. Additionally, eigenmodes split by higher-order per-
turbations are classified using subscripts, as in ®™ and ¥ (ref. 31).

Results

The BiFeO; single crystal was cut along the (111),. plane. Figure 1b
displays the ferroelectric domain structure of the BiFeO; sample,
observed using a CMOS camera under crossed-Nicols conditions. The
gray regions within the red rectangular frames did not exhibit optical
birefringence, indicating that the polarization (P;) was homogeneously
perpendicular to the surface in this area. The region inside the frame was
selected for the observations.

Figure 2a depicts the spatiotemporal waveform propagating in the
x-direction, obtained by integrating the entire waveform (see Supplementary
Movie SM1) along the y-axis. It is evident that the wavepackets propagated
beyond the pump spot at x =0 pm. These wavepackets corresponded to
phonon-dressed terahertz electromagnetic waves, also known as phonon-
polaritons™. The excitation mechanism of phonon-polaritions is based on
difference-frequency generation™ (see also Supplementary Information ).
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A Fourier transform was performed to visualize the population of
phonon-polaritons and magnon-polaritons in k-f space, employing
waveforms ranging from 150 to 945 um from the excitation spot
(the region within the black dashed frame, as depicted in Fig. 2a). The
frequency resolution is primarily limited by the time window (50 ps).
Figure 2d illustrates the linear dispersion of phonon-polaritons.
Through this method, components with a finite group velocity were
selectively extracted when excluding the excitation spot from the
Fourier transform. Consequently, Fig. 2d does not contain signals of
phonons or magnons localized at the pump spot. The velocity of the
phonon-polaritons was ~6.1 x 10’ ms™", leading to a corresponding
refractive index of nyy, = 4.9. This value aligns with that reported in a
previous study [nry,=5.2 at 400K (ref. 34)], and it surpasses the
refractive index for the pump pulse (1, = 2.7). Note that the splitting of
the phonon-polariton mode is visible in Fig. 2d, which may be attrib-
uted to the multimodal nature of the phonon-polariton with its finite
thickness”. However, anticrossings corresponding to magnon-photon
coupling were not clearly identified.

We translated the Fourier transform domain in the time direction to
selectively extract the components with different group velocities, as
depicted in Fig. 2a—c. Interestingly, we observed that a specific component at
f=0.56 THz and k = 60 rad mm " exhibited a significant increase in power
later than the other components, as illustrated in Fig. 2d-f in sequence
(refer to Supplementary Movie SM2). Subsequent temperature-dependence
measurements revealed that the frequencies at which these specific com-
ponents appeared were consistent with the frequencies of the magnon ‘I’(ll)
mode™**, as shown in Fig. 2k (see also Supplementary Information II for
the distribution power spectra). Hence, we conclude that this signal is
located at the anticrossing point of the dispersion curves of magnon ‘I’(ll)
mode and photons, indicating that the signal originates from magnon-
polaritons.

To extract additional information from the heat maps (Fig. 2d-f), we
first integrated the excitation intensities near the anticrossing in the k-
direction, resulting in Fig. 2g-i. Figure 2g reveals a dip at 0.56 THz, sup-
porting the notion that the magnon-polariton exhibits a relatively slower
group velocity compared to the other nearly non-perturbated photons.
Additionally, Fig. 2h, i illustrate that the magnon-polaritons reached the
Fourier transform region after the other components had passed through.
For further confirmation, we plotted the time evolution of the powers of
several frequency components at k = 60 rad mm ™", as shown in Fig. 2j. The
horizontal axis represents the start time (t,) of the time domain used in the
Fourier transform. The solid and dashed lines represent the time evolution
of the power of each frequency component, corresponding to the change in
pixel brightness in Fig. 2d-f. As anticipated, a noticeable difference in
behavior was observed, with the magnon-polaritons of 0.56 THz compo-
nent increasing later than those of the other components. These observa-
tions confirmed that magnon-polariton exhibit a group velocity in the
intermediate region between the non-perturbated magnons and photons
(phonon-polaritons).

Magnon-polaritons near the anticrossing point exhibited group velo-
cities in the range of 0-6.1 x 10’ m s~ '(= ¢/nyy,) depending on the wave-
numbers. Assuming an average group velocity of 3.0 x 10’ ms™" for the
excited magnon-polariton, as a value in the middle of this range, it can be
concluded that the group velocity of the magnon-polariton is three orders of
magnitude higher than that in the conventional ferromagnetic system™.

Discussion
In general, the magnon dispersion of antiferromagnets is described as
follows'":
w = /W] + (vok)* 1)
For orthoferrite in ref. 18, wy=2mx175x10°rads™ and

Vo= 2 x 10* m s™". The magnon group velocity dw/dk of 1.3 x 10 m s™" was

obtained at a magnon wavenumber of k=4.2 x 10* rad mm™". The propa-
gation length can be calculated as the product of the group velocity and the
lifetime. With a lifetime of 85 ps, this gives rise to a propagation length of
~10"° m. For BiFeO; in ref. 22 the magnon group velocity of 1.4 x 10*m s
was obtained at the magnon wavenumber of k=g=2n/
(62 nm) = 10° rad mm . In both cases, the group velocity is ~10* m s ™" ata
wavenumber of ~10° rad mm ™. It is important to note that these velocities
correspond to pure magnons, not to coupled magnon-polaritons. In our
case, the excited wavenumber of the magnon-polariton is k =~ 60 rad mm .
Without coupling to phonon-polariton, the group velocity of the ‘I’(ll)
magnon at this wavenumber would be ~10* m s for k||qand ~10 m s~ for
kLq’". The lifetime of ~100 ps (ref. 30) leads to the propagation length of
~10"°m for k||q and ~10~° m for k_Lq. However, when magnons are cou-
pled to phonon-polaritons with a velocity of c¢/nyy, =6.1x 10" ms™, as
observed in our study, the group velocity of the magnon-polariton is sig-
nificantly enhanced at the anticrossing point, reaching an average of
3x 10’ ms™". The lifetime of 40 ps (as shown in Fig. 2j) gives rise to the
propagation length of ~107m. The sub-millimeter propagation of
magnon-polaritons is also evident from Fig. 2d-f, obtained by Fourier
transform from 150 to 945 um, particularly with the presence of the spot at
k = 60 rad mm ™" associated with magnon-polaritons in Fig. 2e, f.

Conclusion

This study conducted time-resolved imaging measurements of multi-
ferroic BiFeO; and observed that antiferromagnetic magnon can pro-
pagate over hundreds of micrometers via magnon-photon coupling. The
analyses based on Fourier transform provided wavenumber-resolved
information that is inaccessible by conventional terahertz spectroscopy.
Additionally, the refractive index of BiFeOs, nry,, was extracted, and
approximate value of the group velocity of magnon-polaritons was
determined. Although the data were obtained using an unprocessed
single crystal, future extensions such as coupling enhancement by a
cavity opto-magnonic system are feasible”. Thus, our findings offer
comprehensive insights into antiferromagnetic magnonics, polaritonics,
and potential future applications.

Methods

The 120 pm-thick (111),.-oriented BiFeOj; single crystal was grown
using the modified floating-zone method with laser diodes*, employing
magnetic annealing in the [101],.-direction. Pump-probe imaging
measurements for BiFeO; were conducted using femtosecond laser
pulses. A Ti:sapphire regenerative amplifier with a repetition rate of
1 kHz and a pulse duration of 7 = 60 fs was utilized to generate both the
pump and probe pulses with a central wavelength of 800 nm. Addi-
tionally, the central wavelength of the pump pulse was converted to
1300 nm using an optical parametric amplifier. Linearly polarized
pump pulses with a wavelength of 1300 nm were focused onto the
sample as a line-shaped spot with a width of 20 um using a cylindrical
lens. The pump pulses were directed to the left edge of the region
depicted in Fig. 1b. The azimuthal angle of the pump polarization was
adjusted using a half-wave plate. Additionally, the probe pulse with a
wavelength of 800 nm was irradiated without focusing and with varying
time delays relative to the pump pulse. The probe pulse was circularly
polarized using a quarter-wave plate (QWP). Moreover, the probe
pulses became elliptically polarized due to the sample’s electro-optical
or magneto-optical effect. The transmitted probe pulse was then
transformed into an approximately linearly polarized pulse using
another QWP. Additionally, the ellipticity change of the probe pulse
was determined using a rotating-polarizer method with a wire grid
analyzer and a CMOS camera®. An optical configuration sensitive to
the off-diagonal component of the refractive index modulation was
employed to selectively extract extraordinary electromagnetic waves™.
The detection mechanism is explained in Supplementary Information
III. The sample was placed in a cryostat for temperature-dependent
measurements ranging from 5 to 300 K.
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Data availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author upon reasonable request.
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