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Terahertz Cavity Magnon Polaritons

T. Elijah Kritzell, Andrey Baydin,* Fuyang Tay, Rodolfo Rodriguez, Jacques Doumani,
Hiroyuki Nojiri, Henry O. Everitt, Igor Barsukov,* and Junichiro Kono*

Hybrid light-matter coupled states, or polaritons, in magnetic materials have
attracted significant attention due to their potential for enabling novel
applications in spintronics and quantum information processing. However,
most magnon-polariton studies in the strong coupling regime to date have
been carried out for ferromagnetic materials with magnon excitations at
gigahertz frequencies. Here, strong resonant photon—-magnon coupling at
frequencies above 1 terahertz is investigated for the first time in a prototypical
room-temperature antiferromagnetic insulator, NiO, inside a Fabry—Pérot
cavity. The cavity is formed by the crystal itself with a thickness adjusted to an
optimal value. Terahertz time-domain spectroscopy measurements in
magnetic fields up to 25 T reveal the evolution of the magnon frequency
through Fabry—Pérot cavity modes with photon-magnon anticrossing
behavior, demonstrating clear vacuum Rabi splittings exceeding the polariton
linewidths. These results show that NiO is a promising platform for exploring
antiferromagnetic spintronics and cavity magnonics in the terahertz frequency

range.

1. Introduction

Strong resonant coupling of photons and magnons is expected
to lead to novel device applications for spintronics, quantum
transduction, and quantum information processing.'*l Strong
photon-magnon coupling was first demonstrated in ferrimag-
nets and ferromagnets placed inside microwave cavities.>”!
Since then, many different types of applications of strong

photon-magnon coupling have been
proposed.®!  However, theoretical and
experimental studies on strong photon—
magnon coupling in antiferromagnets
(AFMs) have been limited although, com-
pared with ferromagnetic materials, AFMs
are insensitive to external magnetic pertur-
bations, do not generate stray fields, and
exhibit ultrafast dynamics.*1% Due to the
high frequencies of antiferromagnetic res-
onances, AFM-based devices can operate
in the terahertz (THz) frequency range,
which fills the gap between electronics and
photonics. THz radiation holds promise
for spintronic applications. For example,
efficient metallic spintronic emitters have
been developed to generate ultrabroadband
THz radiation,'!] enabling novel spin-
current generation techniques. Moreover,
the coupling of THz light with nanometer-
wavelength magnon modes through
spin-orbit torque offers opportunities for
manipulating THz radiation in the field
of magnonics.[?l Such advances expand the horizons of spin-
based technologies beyond the limitations of gigahertz ranges.
To date, several studies have shown strong photon—-magnon
coupling, demonstrating vacuum Rabi splittings larger than the
linewidths of the lower and upper polariton peaks, for antifer-
romagnetic resonances.['>2°l However, the studied AFMs either
possessed sub-THz magnon frequencies,['*1>1720] or required
low temperatures,['*1618201 high magnetic fields,!*! or hybridiza-
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tion with other collective excitations.['*] Most of these demonstra-
tions have been made in rare-earth orthoferrites,?! in which
antiferromagnetic resonances have low damping. Among other
AFMs, NiO is a prototypical easy-plane AFM[2?! with a high Néel
temperature of 525 K; this material has recently gained particular
interest due to a series of studies showing current-induced mag-
netic switching,!?>-2] optical control of spin oscillations,?®! non-
linear spin response,?’l and the interplay between charge and
spin dynamics.!?8] The Gilbert damping factor of NiO’s antiferro-
magnetic resonance at ~ 1 THz can be as low as 2.1 x 107,12
which is comparable to that of yttrium iron garnet and is thus
suitable for strong photon—magnon coupling realization.[*"]

2. Experimental Section

Here, we investigated two single-crystal wafers of NiO, via THz
time-domain spectroscopy (THz-TDS) in high magnetic fields
up to 25 T3 We showed that only two magnon modes, at
0.13 and 1 THz, are infrared-active and have two-lobe symme-
try with respect to the polarization of the THz excitation beam
for both the (110)- and (111)-oriented samples. The magnetic
field dependence of the frequency of the 1 THz mode was su-
petlinear, consistent with the two-sublattice model.’! Further-
more, we observed anticrossing between the 1 THz magnon
mode and several Fabry—Pérot (FP) cavity photonic modes by
sweeping the magnetic field. These results demonstrate strong
photon—-magnon coupling at room temperature, and therefore,
are promising for developing devices for THz spintronics and
quantum information processing applications.

NiO is an easy-plane AFM. Below the Néel temperature, the
spins of the Ni** ions order parallel within each of the {111}
planes, as shown in Figure 1a. The spins can align along one of
the three axes: (112),(121), (211) due to magnetic anisotropy. In
addition to theoretical studies,3#*] there have been several exper-
imental reports on antiferromagnetic magnons in NiO studied by
time-resolved Faraday rotation, THz-TDS, Raman, and Brillouin
scattering measurements. In total, five magnon modes have
been observed using different techniques. Two high-frequency
antiferromagnetic resonances have been confirmed by Raman
scattering,3°] while three lower-frequency antiferromagnetic res-
onances had been confirmed by Brillouin scattering.[”38] Far-
infrared optical absorption measurements have also confirmed
the existence of the 1 THz mode.3**] Most recently, Kohmoto
et al. have employed optical pump-probe spectroscopy experi-
ments with a circularly polarized pump beam and a Faraday ro-
tation probe beam to observe three magnon modes at about 1.3,
1.1, and 0.1 THz, respectively. They also found a narrow absorp-
tion line at 1.1 THz and a broad absorption line at 0.5 THz using
THz-TDS down to low temperatures.[**]

In order to explain the existence of these five magnon modes,
an eight-sublattice model has been proposed.[*®! The magnetic
field dependence of some of these modes has been investi-
gated by Brillouin scattering!*?! and time-resolved Faraday rota-
tion measurements!*’] to refine the parameters used in the eight-
sublattice model further. The Brillouin scattering dataare limited
to the three lowest-frequency modes and magnetic fields up to
7 T, while time-resolved Faraday rotation data have provided the
magnetic field-induced evolution of the 1 THz mode up to 10 T
in a limited spectral range. Despite these insights into the spin
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Figure 1. a) Ni2* ion arrangement in the NiO crystal, showing their spin
orientations. Oxygen ions are not shown. b) Schematic diagram of the THz
time-domain spectroscopy setup in high magnetic fields (RAMBO).3]
¢) Transmittance spectra for the (111) NiO crystal obtained using a sepa-
rate THz ellipsometer(*’] [Top] and the THz-TDS setup [bottom]. d) Excita-
tion anisotropy for the 1 THz magnon mode as a function of the magnetic
field component of the THz beam, for the (111)- and (110)-cut NiO crys-
tals.

dynamics of NiO, various discrepancies between the model and
experimental datal*®*’! have been reported, thus calling upon an
extension of the experimental data set.

Each single crystal NiO wafer was 10 mm in diameter and 491
um in thickness, cut along the (110) and (111) planes, respec-
tively. The wafers were purchased from SurfaceNet GmbH. We
characterized them using x-ray diffraction and x-ray photoelec-
tron spectroscopy to confirm their quality (see Supporting Infor-
mation). To probe the magnetic field dependence of the magnons
and photon-magnon coupling in NiO, a single-shot THz-TDS
system was utilized, coupled with a table-top pulsed magnet with
a peak field strength of 30 T — the Rice Advanced Magnet with
Broadband Optics (RAMBO)P1-33] (see Figure 1b. In THz-TDS, a
775 nm optical pulse from an amplified Ti:Sapphire laser was
used (150 fs, 1 kHz, 0.8 m]J, Clark-MXR, Inc., CPA-2001) for
the generation and detection of THz radiation. Our total spec-
tral range of 0.1 - 1.5 THz covered four of the previously reported
magnon modes. THz pulses were generated via optical rectifica-
tion in LiNbO, and guided to the sample using parabolic mirrors.
After going through the sample, the THz pulses were detected via
electro-optic sampling in a ZnTe crystal. Single-shot detection of
THz pulses was achieved using a reflective echelon and a fast
CCD camera.3133]

The sample was placed on a cold sapphire rod that could reach
temperatures down to 12 K. The three most stable temperatures
were used in the cryostat for this analysis so that the reported
temperatures are known with high accuracy. The maximum mag-
netic field used was 25 T. Transmittance spectra below 0.3 THz
were obtained using a THz ellipsometer, as detailed in Ref. [45].
Because an in-depth understanding of antiferromagnetic spin dy-
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namics was required for employing AFMs in spin-torque devices
and other spintronic applications,[**-!] we focus on the behav-
ior of the antiferromagnetic magnon modes and discuss the ob-
served phenomenon of strong photon—magnon coupling.

3. Results and Discussion

Figure 1c shows transmittance spectra for the (111) NiO sample,
collected without the magnet, on a large optical aperture to pro-
vide the largest spectral bandwidth. Two magnon modes can be
clearly identified at 0.13 THz [Top] (taken using THz ellipsome-
ter) and 1 THz [Bottom)], respectively. According to these spectra
(blue traces), these two modes are the only infrared-active antifer-
romagnetic resonances. Note that this result is in disagreement
with an earlier THz-TDS study of NiO,[**] where a broad absorp-
tion line at around 0.5 THz was reported. Although this feature
may be absent from our measurements because our sample is
thinner (~0.5 mm vs. 5 mm), it must be noted that such broad
features may in principle be an artifact arising from setup limi-
tations. We note that in a more recent study utilizing a cw-THz
spectrometer,*?! similatly, only the 1 THz magnon mode was ob-
served in the range between 0.4 and 1.25 THz.

Figure 1d shows the measured excitation (absorption)
anisotropy for the 1 THz magnon mode for the (111) and (110)
NiO crystals. The data were collected at room temperature.
The sample was mounted on a motorized rotation stage. For
both crystals, we find similar twofold excitation anisotropy.
By looking at the magnetic structure [see Figure la], we can
expect twofold symmetry for the (110)-cut crystal and sixfold
symmetry for (111)-cut crystal. The sixfold symmetry expectation
can arise because of three equivalent axes of spin alignment,
(112), (121), (211). While, for the (110)-cut sample, our data
shows clear expected twofold symmetry, the (111)-cut sample
exhibits less anisotropy but still a twofold symmetry. A similar
twofold anisotropy was also observed in both crystals for the
0.13-THz mode.

NiO has in total 12 orientational domains: four possible (111)
stacking directions define twin domains, and per each twin do-
main there are three (112) spin domains.>**! According to a
recent second harmonic generation (SHG) study,> both coher-
ent and incoherent random assemblies of all twelve orientational
domains result in a sixfold SHG signal anisotropy. This leads us
to conclude that our sample preferentially consists of fewer than
twelve orientational domains.

The data in high magnetic fields have a limited spectral band-
width compared to the 0 T data, and therefore, we only report the
evolution of the 1-THz magnon. Figure 2a shows measured ab-
sorbance spectra for the (111) NiO sample at different magnetic
fields. The 1-THz magnon mode blue-shifts as the magnetic field
is increased to about 25 T, which is indicated by the blue dashed
line. Figure 2b summarizes the magnetic field dependence of the
frequency of this mode, where dashed lines are the fits, as ex-
plained below.

The literature values of the effective fields in NiO are u,Hy
= 968.4 T for the exchange field and u,Hy, = 0.635 T and
UoHz, = 0.011 T for the hard-axis ((111)) and easy-axis ({(112))
anisotropies, respectively, while the Landé g-factor g = 2.18.°
Due to the fact that we observe only two infrared-active modes, for
simplicity it is sufficient to utilize a two-sublattice model. To as-
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Figure 2. a) Absorbance of (111) NiO as a function of magnetic field at
90 K for several magnetic fields. All traces except the O T trace are verti-
cally offset for clarity. The dashed blue line indicates the main feature. b)
Magnon frequency as a function of magnetic field at two temperatures.
Open circles are from the experimental data, and the super-linear dashed
lines are the fits to Equation (1). c) Effective anisotropy as a function of
temperature, as derived from fitting data in (b). The dashed line is a guide
to the eye.

sess the temperature dependence of magnetic anisotropy in our
sample, we estimate the effective anisotropy of the samples using
the equation for an easy-plane biaxial AFM frequency!®®>71:

/v, = [2HgH, + H'/? 1)

where H, = Hy, + Hp, (magnitude addition) and the external
magnetic field H, is perpendicular to the easy plane. Because
Hy, > Hg,, the effective anisotropy is basically the hard-axis
anisotropy, i.e., Hy, ~ Hy,. Here, y, is the gyromagnetic ratio
gup/h, where g is the Landé g-factor and p; is the Bohr mag-
neton.

We fit the magnetic field-dependent magnon frequencies by
Equation (1), while fixing the parameters given above and ad-
justing the effective anisotropy field H, as the fitting parameter.
The effective anisotropy field obtained from this fitting procedure
is presented in Figure 2c as a function of temperature. The val-
ues of the hard-axis anisotropy are close to those reported in the
literature.l’! The temperature dependence of the anisotropy can
be approximated by using either the square root of the classi-
cal molecular field or the molecular field including biquadratic
exchange, as detailed in Ref. [44]. Note that the dashed line in
Figure 2c is a guide to an eye and not a fit using the functions
mentioned above.

As mentioned above, an eight-sublattice model has been
developed and employed recently*’] to describe magnetic
field-dynamics of the NiO magnon observed by Brillouin
scattering!*?] and time-resolved Faraday rotation!*’] experiments.
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The eight-sublattice model predicts all five modes observed
experimentally,[*®! and the magnetic field dependence of two up-
per modes (1.15 THz and 1.29 THz at 0 K) has been calculated.[*’!
The 1.29-THz mode was shown to change with the magnetic field
while the 1.15-THz mode was shown to be magnetic field inde-
pendent. Wang et al.*’] assigned these two modes to the experi-
mentally observed 1-THz mode, which splits into two as the mag-
netic field is increased at low temperatures. The authors corre-
lated experimentally observed modes and theoretically predicated
modes by their magnetic field dependence, but their frequencies
at 0 T were not consistent. It is also important to note that the au-
thors could not resolve the higher-frequency mode at 1.29 THz
at low temperatures (previously observed in Raman scattering)
due to their frequency bandwidth.*”] A more recent report*®!
has also commented on the inapplicability of this model to ex-
plain their magnetic field dependent data. Thus, our experimen-
tal data provides experimental evidence to investigate the mag-
netic structure of NiO further and revise the generally accepted
eight-sublattice model.

Now, we focus on strong coupling between FP cavity modes
and the high-frequency (~1 THz) magnon mode. A FP cavity rep-
resents the simplest cavity structure formed by two interfaces. In-
stead of placing materials under study in between two mirrors,
a slab of material in vacuum will act as a FP cavity itself. Thus,
when the light wavelength is comparable to the thickness of such
a slab, FP fringes (i.e., FP cavity modes) can be easily observed;
(see Figure 3D). In conventional THz-TDS data analysis, where
the FP contributions are intentionally removed from spectra by
cutting the time-domain waveform before back-reflection signals
appear®); e.g., the absorbance shown in Figure 2a was calculated
after such a process. Here, however, we calculate transmittance
by using the full range of the time domain signal that includes
several back reflections; see Figure 3a. The resulting transmit-
tance is shown in Figure 3b. The spacing between the FP cavity
modes is 89 GHz, and their full width at half maximum (FWHM)
is 28 GHz. For the thickness of the present sample, 491 um, the
magnon and FP cavity modes are detuned at zero magnetic field
and room temperature.

Figure 3c shows a transmittance color map as a function of
frequency and magnetic field. As the magnon mode frequency
increases with the magnetic field, it goes through three FP
cavity modes in the measured frequency range. In total, three
anticrossings are observed, which indicate formation of cavity
magnon polaritons and, therefore, strong photon—magnon cou-
pling. Note that the frequency of the FP cavity mode can be ad-
justed by changing the sample thickness, allowing for strong
photon-magnon coupling to occur at 0 T. The photon-magnon
coupling strength g can be estimated from the eigenfrequencies
of the quantum Langevin equations!®l:

I / 2
a)i = %(a)+a)cav) —_ l(}/:K) + \/gZ + (l(K;y) + ((0 _za)cav))
)

where w, are the lower and upper polariton frequencies, w is the
magnon frequency, @, is the FP cavity mode frequency, and y
and « are the magnon and cavity decay rates, respectively.
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Figure 3. a) THz electric field transmitted through the sample (orange)
and an empty aperture (blue). The spectra, including those in Figures 1c
and 2a, were obtained through Fourier transform after cutting the time-
domain signal before the back reflection (indicated by the gray dashed
line). b) Transmittance spectrum obtained from the full THz time-domain
trace, at zero magnetic field and room temperature. c) Color map of trans-
mittance as a function of frequency and magnetic field at 234 K, showing
anticrossing features between the magnon mode and Fabry—Pérot cavity
modes.

The dashed black lines in Figure 3 were calculated by Equa-
tion (2) with parameter values of g = 0.014 THz, y = 0.015 THz,
and kx = 0.028 THz. The value of « is the FWHM of the FP cav-
ity modes. The value of y can be estimated from the magnon
linewidth in free space. However, since our measured linewidths
were instrument limited (25 GHz), we used the literature value
of 15 GHz.’2l With these parameter values, we get the coopera-
tivity C = 4g®/yx = 1.87, which satisfies the condition of strong
coupling C > 1.[%!] Note that these values of gand C quantitatively
describe the anticrossing behavior of all FP cavity modes shown
in Figure 3c and were the same for all temperatures where THz
measurements were made (12, 90, and 234 K).

Recently, there has been interest in coupling gigahertz and ter-
ahertz magnons in NiO,!®? which was demonstrated via magne-
toelastic interaction.[®3] Thus, it is interesting to question whether
the FP cavity modes can mediate coupling between gigahertz and
terahertz magnon modes in NiO. While the two modes are well
separated in frequency at the I point, they approach each other at
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finite wavevector.’! Therefore, our scheme is promising for the
coupling between magnon modes via cavity modes. For exam-
ple, Bialek et al. already demonstrated cavity-mediated coupling
of antiferromagnetic magnons in two crystals separated by a well-
controlled gap.!®*!

4, Conclusion

We studied the temperature and magnetic field dependence of
THz antiferromagnetic resonances in NiO and their coupling to
FP cavity modes, where the sample itself acted as a cavity. Two
infrared-active magnon modes (0.13 and 1 THz) were observed
in a broad frequency range, from 0.1 THz to 1.6 THz, with a
two-lobed excitation anisotropy with respect to the polarization
of the THz pulse. Examining the interactions between the 1 THz
magnon mode and FP cavity modes, we observed strong photon—
magnon coupling with cooperativity C = 1.87 and normalized
coupling strength g/w, = 0.014 for the 12™ FP mode. The real-
ization of strong photon—magnon coupling in AFMs in the THz
frequency range can bring spintronics and information process-
ing applications to the THz operating regime.
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