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ABSTRACT

Strong coupling between light and matter occurs when the two interact such that new hybrid modes, the so-called polaritons, are formed.
Here, we report on the strong coupling of both the electric and the magnetic degrees of freedom to an ultrafast terahertz (THz) frequency
electromagnetic wave. In our system, optical phonons in a slab of ferroelectric lithium niobate are strongly coupled to a THz electric field to
form phonon-polaritons, which are simultaneously strongly coupled to magnons in an adjacent slab of canted antiferromagnetic erbium
orthoferrite via the magnetic-field component of the same THz pulse. We juxtapose experimental results of bare slabs consisting of the two
materials with a photonic crystal cavity, consisting of a two-dimensional array of air holes cut into the hybrid slab. In both cases, the strong
coupling leads to the formation of new magnon-phonon-polariton modes, which we experimentally observe in the time domain as a
normal-mode beating and which corresponds in the frequency domain to an avoided crossing. Our simple yet versatile waveguide platform
provides a promising avenue through which to explore ultrafast THz spintronics, quantum electrodynamics, sensing, and spectroscopic

applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083849

I. INTRODUCTION

The interaction between an electromagnetic wave (light) and
an atomic, a molecular, or a material mode is termed “strong
coupling” if the rate of coherent energy transfer between the light
and matter is faster than the irreversible decay of the light or the
coherent material excitation. In the strong-coupling regime, the
electromagnetic and material modes can no longer be treated as
separate entities but rather form two hybrid modes called polari-
tons, with an energy difference between the modes given by the
splitting energy #Q.'™* Polariton systems enable extensive optical
control over material behavior and coherent information transfer
between light and material degrees of freedom at a rate €, yielding
opportunities for both classical™® and quantum information
processing.” ™ Earlier, the strong coupling of the electric field of

light to the electric dipole moments of atoms was explored,'’ and
later, it was also demonstrated with superconducting qubits and
excitons.'™'> More recently, coupling to magnetic moments has
been studied using magnetically active systems such as nitrogen-
vacancy (NV) centers and magnon spin waves.'°~'® Cavity-enhanced
versions of this coupling have also been observed, for example,
between photons and a diverse range of excitations, including
(Rydberg) atom transitions,'” ™! excitons,*’ plasmons,23 NV
center spins,24 magnons,25 two-dimensional electron gases,%
and Cooper pairs of a superconductor.'’ A subset of demonstra-
tions has even reached the single-photon or few-photon level,
which falls under the field of cavity quantum electrodynamics
(QED).*? While quantum demonstrations motivate cutting-edge
applications such as quantum computation®’—for which dispersive
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coupling between a cavity and a two-level system might be used
for repeated measurements of a qubit via a quantum nondemoli-
tion method”**’—strong coupling can also be based on the classi-
cal coherence of macroscopic electrodynamic fields. The latter not
only serves as important groundwork for its quantum analogs, but
also has applications of its own right in fields such as lasing' "'
and sensing.' '

Spintronics, in its quest toward long-range and high-
bandwidth operation, would particularly benefit from such strong
coupling because light can provide a means for facile transport and
interaction with spin information. Moreover, cavity-enhanced ver-
sions of this coupling can be used to achieve long-term storage and
all-optical addressing of spin states, important elements in realizing
spin-based computation. Many of these possibilities already exist in
the microwave frequency range. For example, in recent advances,
magnons have been used as data carriers,””’' because, unlike spin-
polarized electrons, they provide transfer of spin information over
macroscopic distances without any Joule heating and enable access
to wave-based computing concepts. Meanwhile, the first classical
demonstration of cavity spintronics was reported by Zhang et al.
using microwave cavity photons and magnons in yttrium iron
garnet (YIG)."® They observed a Rabi-like oscillation of the light
intensity, which they attributed to the coupling between the mag-
netic field of the EM wave and the magnetization of YIG.

The first report of polaritons formed by the strong coupling of
terahertz (THz) light and magnons was by Sanders et al. in 1978,
wherein a slab of iron (II) fluoride that exhibits an antiferromagnetic
resonance at 1.58 THz was used. More recently, Kampfrath et al
used advancements in the generation of ultrashort THz pulses to
demonstrate control over the coherent superposition of antiferro-
magnetic magnons in nickel oxide.”” There have also been demon-
strations at THz frequencies of the inverse Faraday effect’® and
nonlinear spin control.”>*” The prospect of harnessing these prop-
erties makes it desirable to realize a magnon-based spintronics plat-
form at THz frequencies, but this has been difficult to achieve due
to a scarcity of appropriate sources and detectors. Optical light can
be used for generation and detection of THz magnons, but the
interaction is either indirect’®” or nonlinear*’ and the efficiency is
not high. Meanwhile, free-space THz light has been shown to exert
direct linear control over magnons®>*' but is not conducive to real-
izing miniaturized devices. Moreover, a cavity-enhanced version of
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this platform has been elusive due to the added constraint of requir-
ing a highly confining THz cavity.

Here, we overcome these limitations using the THz polariton-
ics on-chip waveguide platform to demonstrate collective strong
coupling of both magnons and phonons to THz light, with and
without the utilization of a cavity structure. This platform has
already been utilized to demonstrate capabilities such as spatiotem-
poral coherent control of lattice vibrational waves,”” time-resolved
near-field THz imaging,”’ and on-chip all-dielectric devices.** Its
great advantages are the high confinement and the efficient
all-optical generation and detection of the polaritons on subcycle
time scales and subwavelength length scales. Using this platform,
optical phonons in a slab of ferroelectric lithium niobate (LINbO3, LN)
are strongly coupled to a THz electric field to form phonon-
polaritons, which are simultaneously strongly coupled to magnons
in an adjacent slab of canted antiferromagnetic erbium orthoferrite
(ErFeOs, EFO) via the THz magnetic field. In addition, we also
confine the THz waves in a photonic crystal cavity fabricated by
patterning the hybrid LN-EFO slab with a two-dimensional array
of air holes. In both patterned and unpatterned hybrid waveguide
samples, the strong coupling leads to the formation of new modes
we term magnon-phonon-polaritons, which we experimentally
observe in the time domain as beating between the upper and
lower polariton branch modes, corresponding in the frequency
domain to avoided crossings. Coupling to the magnons in EFO
forms the basis for a spintronic platform, while coupling to the
phonons in LN enables the efficient generation and detection of
light directly inside the cavity. Our simple yet versatile waveguide
platform, thus, provides a promising avenue through which to
explore ultrafast THz spintronics, quantum electrodynamics,
sensing, and spectroscopic applications.

Il. GENERATION AND DETECTION OF
MAGNON-PHONON-POLARITONS

A. Sample structures

The four different sample structures under investigation are
sketched in Fig. 1. For all samples, we started with a 53 um thick
(100) LN MgO-doped stoichiometric melt single crystal grown by
the Czochralski method and diced to dimensions of 11 x 10 mm?.
For the hybrid waveguide/cavity [see Figs. 1(b) and 1(d)], an

(c) (d)

FIG. 1. Sample structures. (a) Bare LN waveguide. (b) Hybrid LN-EFO waveguide. (c) Bare LN PhC cavity. (d) Hybrid LN-EFO PhC cavity. For the cavity structures [(c)
and (d)], pump and probe are focused in the “defect” region of the L3 cavity to generate and detect (magnon-)phonon-polaritons. For the unpatterned cases [(a) and (b)],
we use a cylindrically focused pump, while the spatial probe position is varied along the x-direction. Note that the ferroelectric polarization P of LN is oriented always paral-
lel to the y direction. In case of the hybrid sample structures [(b) and (d)], the net magnetic moment Mag is oriented parallel to the z-axis.
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additional 40 um thick (001) EFO slab, grown as a single crystal by
the floating-zone method and cut to a size of 5 x 5mm?, was
used.””™*" Both LN and EFO crystals were polished using diamond
paste (1um grain size) to reach a surface roughness of less than
100 nm, which is less than 1/10 of the THz wavelength. Large
sample planes were prepared with a parallelism accuracy below
1um. In case of the hybrid structures, a thin layer of air, approxi-
mately 8 um thick, separated the two slabs.

The bare LN slab acts as a waveguide and provides THz field
confinement along the z-axis (out-of-plane axis), but for the cavity
structures [see Figs. 1(a) and 1(c)], we also desire confinement in
the x- and y-directions. To accomplish this, we utilized a photonic
crystal cavity**’ (PhC) composed of a periodic array of air holes
cut into the LN slab using femtosecond laser machining.” The
cavity we fabricated, often referred to as an L3 cavi'[y,52 is com-
posed of a hexagonal lattice of air holes with three holes absent
from the array to form the “defect” cavity. To fabricate the hybrid
LN-EFO cavity, we first attached the LN and EFO slabs together
and then laser machined the cavity into the hybrid slab.

In LN, the material excitation is the polar lattice vibration
(i.e., transverse optical phonon mode) with its polarization P along
the (ferroelectric) ¢ crystallographic axis of the tetragonal crystal
(the y-axis as defined in Fig. 1). The electric-field component
of a THz-frequency electromagnetic wave, oriented along the
y-direction, coherently couples to these phonons to produce mixed
phonon-polaritons.*””* Although the polaritons in our experiments
are well detuned from the phonon resonance (the lowest transversal
optical phonon resonance is located at 4.6 THz""), the phononic
nature is still integral to the dynamics. Not only does the lattice
carry ~ 32% of the energy in the 0.1-2 THz range (Appendix C),
the phonon mode is also responsible mechanistically for efficient
generation and detection of the THz waves in our experiments. In
EFO, the relevant material excitation is the collective magnetic spin
wave, ie., the Brillouin zone center quasiantiferromagnetic (AF)
magnon mode wherein the net magnetization M4 along the c axis
of the orthorhombic crystal (the z-axis as defined in Fig. 1) is modu-
lated in amplitude.*"”* The magnetic-field component of THz light
along the z-axis coherently couples to the AF mode at the magnetic
resonance transition frequency of 0.67 THz (with no applied
magnetic field) to produce mixed magnon-polaritons. In the
hybrid samples, uniform y-electric-polarized, z-magnetic-polarized
THz-frequency electromagnetic waves extend throughout both mate-
rials, resulting in new hybridized magnon-phonon-polariton modes.

B. THz polaritonics platform

To study the interaction, we performed pump-probe measure-
ments using a Ti:Sapphire amplifier system (Coherent Inc.) that
outputs 90 fs duration pulses with an 800 nm center wavelength at
a 1 kHz repetition rate. The laser power was first split in a ratio of
90/10 for the pump and probe pulses, respectively. The pump pulse
was variably delayed by time ¢, frequency doubled to 400 nm in a
B-barium borate (BBO) crystal, and as shown in Figs. 1(a) and 1(b)
focused into the bare LiNbO; portion of the slab to excite a
y-electric-polarized, x-propagating phonon-polariton wavepacket
via impulsive stimulated Raman scattering.” This process is also
extensively exploited for high-field THz wave generation in LN.”

ARTICLE scitation.org/journalljap

Our phonon-polariton wavepackets have about 0.1-2 THz spectral
content. In the LN slab whose thickness (tens of um) is on the
order of the generated THz wavelengths (few tens to few hundreds
of um), the THz waves propagate in the plane of the slab as dielec-
tric waveguide modes.”” Due to the index mismatch between the
phonon-polaritons and the optical pulse generating them, the
phonon-polaritons also propagate laterally away from the genera-
tion region. To detect their progress, we exploit the electro-optic
effect wherein the THz electric field modulates the LN refractive
index.”® More specifically, the lattice displacements of the optical
phonon mode change the optical refractive index via electron—
lattice interactions.”” By passing a time-delayed optical probe pulse
(typically at a different wavelength from the 400nm pump)
through the slab and measuring the THz-induced depolarization,
the time-dependent THz electric-field profile can be obtained
[see Fig. 2(a)]. The field profile can then be Fourier transformed to
retrieve the frequency spectrum. If the probe pulse is spatially
expanded and detected on a camera as shown in Fig. 2(b), we can
also obtain a spatially resolved image of the THz wave. We thus
have a platform for generating and detecting THz waves directly
inside the LN slab.

Ill. RESULTS
A. Maghon-phonon-polaritons

To first study the interaction between magnons and phonons
in the bare slabs, we performed pump-probe measurements on the
unpatterned samples shown in Figs. 1(a) and 1(b). The 400 nm
pump is cylindrically focused into the LN portion of the samples
to excite y-electric-polarized, x-propagating phonon-polariton
wavepackets, propagating away from the generation region. In the
hybrid case, these waves enter into the hybrid LN-EFO slab.
Here, the electric and magnetic fields of the THz wave, polarized
along the y- and z-directions, respectively, drive the polarization
of the polar phonon mode in LN and the magnetization of the
AF magnon mode in EFO. In Fig. 3(a), we show a finite element
method (FEM) simulation of electromagnetic wave transmission
from the bare slab into the hybrid slab at 0.67 THz in the absence of
any resonances (detailed simulations can be found in Appendix A).
The transmission can be seen to proceed fairly efficiently, and a
uniform electromagnetic mode can be seen extending through the
slab(s), evanescently decaying away beyond either face of the struc-
ture. These waves are recorded via 800 nm probe pulses that were
shifted spatially (along the x-direction) and time-delayed with
respect to the pump, enabling spatiotemporal field characterization.
A display of the profiles E;Hz(t) measured in successive sample loca-
tions appears as a 2D space-time matrix E},THZ(x, t) as shown in
Fig. 3(b). Although the pump launches counterpropagating waves,
initially we only observe the rightward traveling wave because the
pump pulse is to the left of the detection window. The first several
oscillation cycles of this wave are due to the lowest-order waveguide
mode, and the second oscillation cycles are due to the next wave-
guide mode. Sometime later, we also observe an additional rightward
propagating wave starting at ~ 40ps and a leftward propagating
wave starting at ~ 90 ps that are due to partial reflections at the
edges of the sample. Finally, a 2D Fourier transform was performed
to obtain the wavevector-frequency dispersion curve E;Hz(kx, ).
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the LN waveguide. The THz waves may encounter, or be generated within, structures like the PhC fabricated into the LN. The THz evanescent field extends outside the
LN slab. As shown in the inset, the balanced photodiode signal shows the time evolution of the THz electric field. (b) Image detection. As in the case of localized point
detection, the THz waves are excited via a “line” source. The probe, however, is expanded to illuminate a large area of the LN slab and imaged onto a 2D charge coupled
device (CCD) chip. As presented in the inset, this enables us to acquire real-space images of THz fields propagating in an unpatterned LN waveguide. Fourier transforma-
tion of the field amplitude vs the lateral position x and time delay t yields the waveguide mode dispersion curves.
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In Fig. 3(c), we show the experimentally recorded dispersion curve
for the bare LN slab [Fig. 1(a)]. Owing to the almost linear disper-
sion of the THz phonon-polaritons in our THz pulse bandwidth,
two well separated transverse-electric (TE) dielectric phonon-
polariton modes appear,”” showing almost linear dispersion within
our THz pulse bandwidth. In Fig. 3(d), we show the experimentally
recorded dispersion curves for the hybrid LN-EFO sample where
three well separated modes appear. The existence of three modes in
Fig. 3(d) compared to the two modes in Fig. 3(c) is a result of the
increased thickness of the hybrid slab. For the proceeding analysis,
we make two simplifications. Firstly, the existence of an air gap can
be ignored as it does not significantly influence the dispersion curves
(see Appendix A). Secondly, as demonstrated by the simulations, at
most frequencies, the hybrid waveguide dispersion curves resemble
those in a 93um slab of LN. This is because of the very similar
refractive indices of LN (n = 5.0) and EFO (n = 4.9) for THz fields
with the selected polarization. With these assumptions, we can focus
on the notable feature in Fig. 3(d) near the magnon resonance at
0.67 THz: an avoided crossing in both the first and second-order
waveguide modes.

The avoided crossing is a hallmark signature of strong cou-
pling and can be explained by the formation of hybrid modes, the
magnon-phonon-polaritons. In the following, we discuss this
phenomena comprehensively by comparing a classical coupled
oscillators’ model with a Lorentz model.

1. Coupled oscillators’ model

A phenomenological approach of coupled oscillators can be
used to describe the interaction, using the Hamiltonian given as

H= pr + Hm + Wint) (1)
— 1 0 0 0 0 Q/2
H:h(ﬁc w )+n( )+h( /),
0 0 0 w,—iy Q/2 0
(2)
ct+w, .¥v+K i
oune =252~ T \J0i (e o) + iy )

(©)

Here, Hy, and H, are the bare Hamiltonians and x = 12 GHz and
y = 8 GHz" are the FWHM linewidths of the uncoupled phonon-
polariton and magnon modes, respectively. Wj, denotes their
interaction, ¢ is the speed of light in vacuum, o is the eigenfre-
quency of the coupled system, ®,/27 = 0.67 THz is the magnon
resonance frequency, § is the hybrid waveguide wavevector that
acts as the detuning parameter between the two bare modes via the
term B¢ — w,, and Q is the splitting frequency, which is a measure
of the coupling strength. Note that § can be defined in terms of the
relation B8 = negw/c, where neg is termed the effective index and is
defined as the ratio of the speed of light to the phase velocity of the
waveguide mode. S thereby contains a frequency and a mode-
dependent weighted average of the refractive indices of LN, EFO,
and air. The solutions to this 2 x 2 Hamiltonian correspond to the
upper and lower magnon-phonon-polariton branches wyp and wip,
respectively.
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In Fig. 4(a), we show an enlargement of the LN-EFO hybrid
slab dispersion curve for the first-order waveguide mode near the
magnon resonance [see Fig. 3(d)], in which the avoided crossing
feature can be seen clearly. The bare magnon and phonon-
polariton modes are only well fitted to the experimental dispersion
at large detunings, where the hybrid modes resemble the bare
modes [Fig. 4(a), dashed lines]. In contrast, the upper and lower
magnon-phonon-polariton branches from Eq. (3) are well fitted at
all detunings, reproducing the normal mode splitting [Fig. 4(a),
solid lines]. As a complement, in Fig. 4(b), we show the frequency
spectrum for the first-order mode at a series of wavevectors spaced
by 0.4rad/mm and ranging from 61 to 65 rad/mm. The mode has
phonon-polariton character at large detunings but shows a double-
peaked structure at and near zero detuning where the magnon and
phonon-polariton modes are strongly mixed. Although the second-
order mode in Fig. 4(b) is far detuned for this range of wavevectors
and thus shows a simple monotonic increase in center frequency, it
also demonstrates a double-peaked spectrum at zero detuning.
Similarly, Fig. 4(c) shows the frequency spectrum for the second-
order mode at a series of wavevectors spaced by 0.4rad/mm and
ranging from 48.5 to 52.5rad/mm. To confirm that the avoided
crossing was due to the AF-mode magnon in EFO, we also per-
formed temperature-dependent experiments (data not presented).
We clearly observed the avoided crossing shift to 0.75 THz at 80K,
in agreement with the shift of the AF-mode magnon frequency
in EFO.”

The splitting frequencies for the first and second-order
waveguide modes were found to be Q;/27 =20GHz and
Q, /27 = 18 GHz, respectively. Along with the linewidths for
the magnon y/27r =8GHz and the phonon-polariton mode
k/2m = 12GHz, these allow us to estimate the cooperativity
factor C = Q?/xy. The cooperativity factor is a dimensionless
quantity that compares the coupling strength to the losses in the
system, with C > 1 considered strong coupling. The first and
second-order phonon-polariton modes couple to the magnons
with cooperativity factors C = 4.0 and C = 3.4, respectively, further
validating that the system is in the strong-coupling regime.

2. Lorentz model

So far, we have used a classical coupled oscillator model for
magnons and phonons because the two can be modelled as
damped harmonic oscillators. A Lorentz model (i.e., linear disper-
sion theory) can also be used to describe the polariton formation.
In this case, we assume that the permeability of EFO is modelled
as a damped harmonic oscillator near the magnon resonant fre-
quency. As such, the dispersion relation for the electromagnetic
wave can be written as

ﬁZCZ — 0)2/17 (4)

2
Arurwa ) , (5)

2
=014+ T
( 0?2 — ? —iyw

[

where we assume that Au, = 8 x 107%.°° Using this approach, we
obtained a dispersion curve as overlaid on the data in Fig. 4(a)
(green dash-dotted lines). Outside the anomalous frequency range,
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the Lorentz model shows excellent agreement to the data and the coupling. The similarity comes from the fact that the electromag-
coupled oscillator model of Egs. (1)-(3). This is not surprising netic field can be quantized as a harmonic oscillator or defined
given that the Lorentz and coupled oscillator models are similar using dispersion relations. The discrepancy (anomalous dispersion
phenomenological approaches to describing strong light-matter vs an avoided crossing) comes from the fact that the Lorentz model
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allows for a complex wavevector, i.e., spatial damping. This
damping is the reason that the anomalous region was not seen in
our experiments. In fact, in the absence of damping (ie., y ~ 0)
and close to resonance (i.e., ® ~ ®,), the Lorentz model is equiva-
lent to the coupled oscillator model and its result can be written as

o :@+\/Auwg+(ﬁcfwa)2. (6)

This has the same form as Eq. (3) in the absence of damping and
also models an avoided crossing. In this case, the splitting fre-
quency is given by /Au,w,/2m ~ 19 GHz, which closely matches
the experimentally extracted values for Q, /27 and Q, /27.

Despite the convergence of these two models, we should
point out that light-matter interactions that allow for light propaga-
tion always have an associated complex wavevector, and strong
light-matter coupling in these systems always exhibit anomalous
dispersion. The Lorentz model is, therefore, often used to describe
polaritons in bulk and waveguide geometries, while the coupled
oscillator model is more suitable when the coupling occurs in a
photonic cavity, for example. Interestingly, while both models are
classical, they can also be used to describe the quantum observation
of vacuum Rabi splitting.'>°" The ability of these classical models
to describe a quantum interaction stems from the fact that for weak
atomic excitations, the quantum theory of interaction between an
electromagnetic field and an atom is equivalent to the Lorentz
model for a classical oscillator. Thus, to earn the distinction of
quantum strong coupling, it is not sufficient to observe a splitting.
Instead, a dependence of splitting energy on the electric field or the
number of oscillators must be observed.”*” Such a dependence was
not observed in our experiments but was observed in recent mea-
surements on other samples.*’

3. Energy exchange and bandgap

The strong coupling suggests that there is coherent energy
exchange between the magnons and phonon-polaritons at a rate Q.
Our spatially and temporally resolved measurements permit direct
observation of this process. Figure 4(d) shows time-dependent data
at a selected wavevector of § = 63 rad/mm, obtained by frequency
filtering of the 63 rad/mm spectrum shown in Fig. 4(b) to exclude
all frequencies outside of the 0.60-0.73 THz range, then inverse
Fourier transforming to return to the time domain. This allows us
to examine the evolution of only the lower-order waveguide mode
at frequencies around the avoided crossing in order to illustrate
the energy exchange clearly. Note that if there were no strong
coupling, then there would be no hybridization and ensuing
energy splitting between upper and lower polariton branches as
outlined by Egs. (3) and (6). In this case, there would only ever
be a single mode at each wavevector; even on resonance, the
magnon and phonon-polariton modes would be degenerate and
hence not show any beating. Yet, in Fig. 4(d), we inspect the
modes near 63 rad/mm, i.e., on resonance, and the signal shows
beating with energy exchange period 27/Q = 50ps and decay
time 7 =2/(k +y) = 100ps. This is a strong indication of the
energy exchange between the two phonon-polariton and magnon
components of the mixed magnon-phonon-polariton mode.**
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Although the polariton bandgap in the hybrid waveguide
excludes any eigenmodes around the bare magnon frequency, the
phonon-polariton wavepacket entering from the LN extension
includes frequencies within this forbidden gap. These waves decay
exponentially into the hybrid slab. This can be explicitly seen by
noting that the imaginary component of 8 in Eq. (5) can be explic-
itly written as

Ay, yo
(@2 — ?) + y20?

Im[B] = (7)

The imaginary component of the wavevector corresponds to the
inverse of the decay length into the slab. Ignoring other sources of
absorption, the decay rate should be the greatest at the center of the
gap (i.e., the bare magnon frequency) and the rate should decrease as
frequencies at the gap edges are approached.”® As shown in Fig. 4(e),
the frequency component of 0.67 THz in the center of the bandgap
has a decay length of 0.48 mm, 2-3 times shorter than those either
above or below the bandgap, which have decay lengths of 1.27 mm
and 1.32 mm, respectively. The frequency-dependent damping rates
outside the forbidden range closely follow those of bare LN.*”

We would also like to note that there exist THz-frequency
phonon modes in EFO itself, and it was demonstrated that driving
the modes in the infrared (=~ 20THz) can create an effective
magnetic field that subsequently drives the AF-mode magnon.”
However, this is a nonresonant Raman-type effect using ~ MV /cm
20-THz field strengths. In contrast, we drive THz phonon-polariton
waves in LN directly (primarily driving the ions through impulsive
stimulated Raman scattering), and we use their magnetic-field com-
ponent to resonantly drive the magnons in EFO. The driving of the
magnons is thus linear in the THz field. In addition, in our system,
the magnon response can be resolved through its coupling to the
THz pulse at = V/cm field strengths owing to the efficient electro-
optic detection in LN.

4. Absorption, weak, and strong coupling

We use the term “strong coupling” in the manner broadly
used in the literature to refer to strong light-matter coupling and
the formation of polaritons, such as phonon-polaritons, plasmon-
polaritons, exciton-polaritons, etc.”* In this context, there is a clear
distinction between simple linear absorption, i.e., weak coupling,
and the strong-coupling regime, and the transition from one to
the other is determined by the relative strength of the coupling
compared to the losses in the system. In simple linear absorption,
the coupling between the light and matter does not modify the
dispersion except to reduce the light intensity at the absorption
resonance, which in this case would be at the uncoupled magnon
frequency. In the weak-coupling regime, the matter does indeed
modify the dispersion but not in a way that produces two distinct
coupled modes. In contrast, in the strong-coupling regime, the
light and matter strongly interact and become hybridized modes
at completely new frequencies, different from any uncoupled reso-
nance frequency. We can use Eqgs. (4) and (5) to demonstrate the
difference between these regimes. In particular, in Fig. 4(f), we
have plotted the dispersion relation of Eq. (5) for different ratios
of magnon damping y to oscillator strength Au,®?, (the value in
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FIG. 5. Linear absorption by an array of gold split-ring resonators with a magnetic resonance frequency of 0.42 THz fabricated on a slab of 30 um LN. (a) Geometry of the
experiment demonstrating the acquisition of the spatiotemporal data after transmission through the array of SRRs. Associated polarizations of the THz electromagnetic field
are also shown, where the y-axis corresponds to the c-axis of the LN crystal. (b) Dimensions of the SRR and the associated THz E- and H-field polarizations in the exper-
iment. Inset shows a microscope image of the SRR array with a periodicity of 40 um. (c) Dispersion curve near the magnetic resonance frequency, showing a minima in
the absorption on resonance and no evidence of an avoided crossing. Inset shows SRR modeled by a Lorentzian model for the permeability. (d) Frequency spectrum at a

series of wavevectors spaced by 1rad/mm and ranging from 21.5 to 27.5rad/mm.

experiments was /Au,, =~ 2.4). As the ratio is increased, linear
dispersion is transformed into one approaching an avoided cross-
ing. In reality, a true avoided crossing is only seen in the limit
that the damping is small compared to the coupling/oscillator
strength, such that Eq. (5) produces two solutions corresponding
to the upper and lower hybridized polariton modes as specified
by Eq. (6). Thus, strong coupling can be thought to occur when
there are two solutions to Eq. (5) at a single wavevector with line-
widths narrow enough to appear as distinct peaks, i.e., the birth
of two hybrid modes. This transition occurs exactly at
/Au,w,/y =1, as evidenced in Fig. 4(f). Any ratio below this
value can practically be considered to describe the weak-coupling
regime, since there is still a deviation from a linear dispersion, yet
there is still only a single peak evident for each wavevector.

To further demonstrate the point that the features in
Figs. 4(a)-4(c) are not simply “gaps” in the dispersion curve due to
linear absorption, we have performed an experiment that demon-
strates the case of linear absorption due to a magnetic resonance by
measuring the dispersion curve after transmission through an array
of split-ring resonators (SRRs) patterned onto the surface of a
30um LN slab (confer Fig. 5). The SRRs are 200 nm thick gold on
a thin chromium adhesion layer deposited by optical lithography
directly on the surface of the LN slab. Due to the orientation of the
E- and H- fields in the experiment, the SRRs only exhibit a mag-
netic resonance that can be modelled using a Lorentz model for the
magnetic permeability.”® Thus, they permit close comparison to
the AF-mode magnon in EFO. From the experimental dispersion
curve of Fig. 5(c), there is no evidence of an avoided crossing.
Instead, we observe a reduced amplitude around the resonant fre-
quency. Furthermore, from the experimental wavevector-dependent
spectra in Fig. 5(d), there is never a double-peaked structure.
Instead, there is always a single peak whose magnitude is reduced
when on resonance. This is the behavior expected for linear absorp-
tion and is demonstrably different from the avoided crossing
shown in Fig. 4(a).

B. Cavity magnon-phonon-polaritons

The bare LN waveguide [Fig. 1(a)] provides THz field confine-
ment along the z-axis (out-of-plane axis), but to build a cavity, we

also desire confinement in the x- and y-directions. To accomplish
this, we utilized a photonic crystal cavity”*™" composed of a peri-
odic array of air holes cut into the LN slab using femtosecond laser
machining.”’ The cavity we fabricated, often referred to as an L3
cavity,”” is shown in Fig. 1(c) and is composed of a hexagonal
lattice of air holes with three holes removed from the array to form
the “defect” cavity. To excite the cavity modes, we focused pump
pulses into the defect region of the crystal, which launched two
counterpropagating THz phonon-polariton wavepackets. To detect
the cavity polaritons, we directed probe pulses into the defect
region and recorded the time evolution of the THz E-field as
shown in Fig. 6(a) (imaging) and Fig. 6(b) (localized point detec-
tion). The wavepackets initially contain a broad range of frequen-
cies as evidenced by a windowed FT [see Fig. 6(b), right]. When
they reach the edges of the cavity, those waves with frequencies in
the PhC bandgap are strongly reflected, while the rest of the fre-
quency components are partially reflected due to the index mis-
match with the surrounding PhC (ie., Fresnel reflection). The
bandwidth in the cavity thus narrows with every successive interac-
tion with the holes, quickly approaching the limit where only the
cavity modes are confined to the slab [see Fig. 6(b), right]. We also
performed simulations for the E-field profiles within the cavity,
which reveal that the different cavity modes have distinct spatial
distributions. Since we use small focal spot sizes for the pump
(wy =~ 10um, w, ~ 50 um) and probe (w, =~ w, ~ 10um) for the
localized point detection measurements, their locations in the
cavity determine the modes with which they predominantly inter-
act. By choosing pump and probe to overlap with the extrema of a
particular mode spatially, we can favor its generation and detection,
respectively (see Appendix B).

Thus far, we have discussed the central role that the phonon
mode plays in THz wave generation and detection, but the pho-
nonic nature of the polaritons is most easily seen by its influence
on the cavity modes as a function of temperature. Firstly, the trans-
verse optical phonon in LN is a soft mode associated with the fer-
roelectric phase transition at T, = 1418 K°® at which the dielectric
constant reaches a maximum. As a result, there is a sizable decrease
in the THz refractive index from its room temperature values
(ne =5 and n, ~ 6.7) to those at cryogenic tempera‘[ures.f’9 As
shown in Fig. 6(c), the decrease in the refractive index increases the
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FIG. 6. THzfrequency  phonon-
polaritons in a bare LN PhC cavity. (a)
Recorded  electro-optic ~ sampling
images®’ of the bare LN PhC cavity at
3 and 4ps after excitation, showing
THz phonon-polaritons  counterpropa-

(b)

gating away from a pump pulse that

irradiated the center of the PhC cavity
(hexagonal array of air holes with

radius r=29um and periodicity
a = 100um, three removed air holes
in the center for the “defect’). (b) The

left figure is a time trace of the THz
E-field in the cavity, recorded by fixing
the locations of the pump and probe
beams as shown by the blue line and
the red spot, respectively, in the inset.
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cavity mode frequency (Aw/w ~ An/n’°). Secondly, the damping
of the low-frequency phonon-polaritons in LN is mainly attributed
to a coupling of the TO phonon to other low-frequency phonon
modes.””’”" This damping is reduced by a factor of ~5 from 290 K
to 79K as the low-frequency phonon modes become depopu-
lated.>”* The effect on the cavity modes can be deduced from
Fig. 6(c), where the mode linewidth is also reduced by a factor of
~ 5. To analyze this change more quantitatively, we use a common
measure of the cavity lifetime called the quality factor Q = @, /k,
where @, is the resonant frequency of the mode and 1/k is the
rate of energy loss from the cavity.”” The quality factor can be
interpreted as a dimensionless lifetime that can account for the
combined contributions from the intrinsic damping Q,, and radia-
tive scattering of light out of the cavity Q, leading to a net Qe
defined as 1/Quet = 1/Qyy + 1/Q,. In our case, the increase in Q.
with decreasing temperature is directly proportional to the decrease
in phonon damping since this is the dominant mechanism limiting

0.0 : :
0.54 055 0.56 0.57 0.58 0.59 0.60 0.61 0.62 0.63

frequency.

the lifetime, i.e., Qn < Qy, 50 Quer =~ Q. Hence, in our experi-
ments, the highest Q = 510 was obtained at our lowest recorded
temperature of 79 K. Based on the temperature dependence of the
phonon absorption coefficient of LN, the Q can be increased
further to Q ~ 1000 at 4K.”> Another important measure of the
cavity is the effective mode volume Vg, defined as

_ je(r)|E(r)|2d3r

= 77 8
max [e(r) | E(r)|’] (®)

4

For the so-called X1 mode (Appendix B), Vey = 3.4 x 10734’
~ 0.5(1/7:)3, where A is the free-space wavelength and n = 5.21
is the average refractive index of the slab. Although the effective
mode volume is not appreciably smaller than the (1/n)*, the large
refractive index of the LN slab at THz frequencies results in a mode
volume that is nearly three orders of magnitude smaller than the
free-space volume.
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Having established the particulars of our LN based cavity,
we now discuss our experiments regarding the collective strong
coupling between magnons, phonons, and cavity photons in a
hybrid L3 PhC cavity, depicted in Fig. 1(d). Our system consists
again of a thin composite slab of 53um thick (100) LN and
40 um thick (001) EFO. As before, the PhC cavity was fabricated
using laser machining to cut hexagonal array of air holes through
the hybrid slab. The E-field component of the THz light, polar-
ized along the z-direction, can couple to the phonons in LN to
produce mixed phonon-polariton modes. Simultaneously, the
H-field component of light, polarized along the z-axis, can
couple to the AF mode of EFO to produce mixed magnon-
polaritons. In the hybrid cavity, a contiguous y-electric-polarized,
z-magnetic-polarized THz-frequency electromagnetic wave can
extend throughout both materials, forming new hybridized cavity
magnon-phonon-polariton modes (see Appendix B for hybrid
slab FEM simulations).
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To verify the formation of cavity magnon-phonon-polariton
modes, we studied the frequency spectrum of the THz waves as the
frequencies of the cavity and magnon modes were tuned by varying
the temperature. While we have seen that the cavity resonance of
the pure LN shifts upon reduction of the temperature from 290 K
to 77K by ~ 18 GHz in a weakly quadratic fashion [see the inset of
Fig. 6(c)], the magnon resonance shifts by ~ 80 GHz and does so
with a higher-order functional form.°””* To record the frequency
spectrum, we generated and detected THz waves in the LN portion
of the hybrid cavity [see Fig. 7(a)]. Despite being excited in LN,
the THz waves evolve into the modes that span the entire hybrid
structure. Thus, there exists an E-field parallel to the polar lattice
vibration in LN and an H-field parallel to the antiferromagnetic
magnetization in EFO. However, electro-optic probing is only sen-
sitive to the E-field in LN and can, therefore, only detect the
AF-mode magnon response through its interaction with the cavity
mode. As shown in Fig. 7(b), at 290K we only observed a single
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Lorentzian peak corresponding to the cavity mode at 0.72 THz and
did not observe the magnon mode at 0.67 THz, which was
sufficiently detuned such that any interaction with the cavity mode
was negligible. However, as the temperature was reduced and thus
the two modes were tuned to be in resonance, a clear double-
peaked spectrum appeared. At 210K, the detuning between the
bare modes was only 2 GHz, yet we observed two peaks that were
separated by nearly eight times the detuning. This double-peaked
structure is characteristic of a normal-mode splitting that can arise
from the strong coupling between the cavity and magnon modes.

Like in the unpatterned case, the interaction can be modeled
using the Hamiltonian for coupled oscillators given by

H = Hcm/ + Hu + Wint: (9)

WDcay + @y _ .Y cav + Keav

2 2
i \/Qf,w + [(wcav - 600) +j(7mv - Kcav)}2~ (10)

@up/Lp =

Here, H,,, and H, are the bare Hamiltonians for, respectively, the
cavity and magnon modes, and W;, denotes their interaction.
Correspondingly, ®,/27 and 7,,, are the magnon resonance fre-
quency and linewidth, and @, and &, are the cavity resonant fre-
quency and linewidth, respectively. Finally, Q. is the splitting
frequency and the only undetermined parameter in the equations.
The solutions to this Hamiltonian correspond to the upper and
lower magnon-phonon-polaritons wyp and wpp, respectively. As
shown in Fig. 7(b) by the blue dashed curve, the coupled oscillator
model (SC) shows excellent agreement with our data and indicates
that the phonon, magnon, and cavity photons are no longer the
eigenmodes of the system. Instead, the THz response leads to col-
lective mode oscillation at the frequency €., between a state
wherein the energy is stored purely in the light field and phonons
in LN and a state wherein the energy is stored purely in the
magnons in EFO. Note that these spectra are distinctly different
from the result of simple THz absorption by the magnon resonance
in EFO. The magnon linewidth is far narrower than the splitting
we observe between the upper and the lower polariton peaks, as
shown in Fig. 7(b). Absorption at the magnon frequency would
also yield a double-peaked structure around that frequency due to
the magnon FID induced in the weak-coupling (WC) limit by the
THz field generated in LN. However, in this case the separation
between the two peaks would be given by the magnon absorption
linewidth [simulation shown in the red dotted curve of Fig. 7(b)]
rather than the strength of the coupling. The actual spectrum
we measure and the model based on strong coupling (blue
dashed curve) show a far larger separation between the two THz
spectral peaks.

By identifying the lower and higher-frequency peaks as,
respectively, the upper and lower polaritons, we generated a plot
for the two branches as a function of the temperature, as shown in
Fig. 7(c). The curves for the coupled oscillator modes and bare
cavity and magnon modes are also overlaid in Fig. 7(c). The tem-
perature dependence of the bare magnon frequency was recovered
from the minima in the frequency spectra [Fig. 7(c), bottom left
inset] and agrees well with previous results.”””* The temperature
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dependence of the bare cavity frequencies was determined from a
second cavity mode that showed the same dependence [Fig. 7(c),
top right inset]. The bare frequency values were used to calculate
the upper and lower polariton branches with Q. as the fitting
parameter. The coupled oscillator model agrees well with the data
at all detunings and reveals the existence of an avoided crossing
between the two branches, a hallmark signature of strong coupling.
From the two branches, we determined the splitting frequency at
zero detuning to be Q. /27 = 16 GHz. Utilizing the splitting fre-
quency and the linewidths for the magnon y,, /27 = 7 GHz and
cavity mode k,,/27 = 14 GHz at zero detuning, we also estimated
the cooperativity factor C,, = 2.6 for our data. This further sup-
ports the assertion that we reached the collective strong-coupling
regime.

These results agree well with our above presented results for
the hybrid slab without the PhC cavity (Q/27 =18GHz;
y/2nm = 8 GHz; x/27m = 12GHz; C = 4.0). The slight differences
arise due to the different temperatures and pump intensities, since
we slightly reduced the pump intensity to avoid damage to the
hybrid PhC structure. At first glance, this agreement might come as
a surprise since one expects an increase in coupling strength due to
the cavity. However, the collective normal-mode splitting .,
of the magnon-phonon-polariton in the hybrid cavity is scaling
with the square root of the ratio of the number of oscillators N and
the mode volume V, ie., Qoc/N/V.>”" Indeed, by fabricating
the cavity into the hybrid slab of EFO and LN, we decrease V,
but since we are in the solid phase, we also decrease N by the
same factor. Hence, we expect the same coupling strength as in
the unpatterned hybrid slab. In addition, note that the quality
factor of the hybrid cavity mode ranged from Q =42 at room
temperature to Q =56 at 100K. This was smaller than in our
bare LN cavity and was attributed to both damping from the EFO
and significant radiative scattering. The radiative scattering is not
entirely surprising given the difficulty of laser machining high-
quality air holes through a composite structure. Nonetheless, our
Q was sufficient to reach the collective strong-coupling regime,
ie,C>1

IV. CONCLUSION

We have demonstrated evidence for collective strong cou-
pling among magnons, phonons, and photons at THz frequencies
using a unique on-chip platform. For the unpatterned LN-EFO
hybrid slab, we have observed an avoided crossing in the disper-
sion curve for both the first- and the second-order TE dielectric
waveguide modes, which exhibit a normal-mode splitting of
Q, /27 = 20 GHz and Q, /27 = 18 GHz with corresponding coop-
erativity factors C = 4.0 and C = 3.4, respectively. Correspondingly,
in the time domain, we observed a beating between the upper and
the lower magnon-phonon-polaritons with an oscillation period of
27/Q = 50 ps, which is the period for energy exchange between
phonons and magnons. In the spatial domain, we observed evanes-
cent wave decay at frequencies within the bandgap as the wavepacket
entered the hybrid waveguide. For the bare LN cavity, we found
strongly coupled admixtures of phonons and cavity photons exhibit-
ing a Q-factor of 510 at 79 K (the lowest temperature studied) and a
mode volume of V = 3.4 x 10732 ~ 0.5(/1/n)3,um3. The Q-factor
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is limited by the phononic damping and could be increased to
Q >~ 1000 at 4K. Furthermore, we could demonstrate collective
strong coupling in a hybrid cavity composed of LN and EFO.
Using temperature tuning of the cavity and magnon modes, we
observed a normal-mode splitting of 16 GHz, an avoided crossing
between the upper and the lower polariton branches, and a coop-
erativity factor of C = 2.6, confirming that we reached the collective
strong-coupling regime. The data also show excellent agreement with
a coupled oscillator model. These observations are understood as evi-
dence for the formation of cavity magnon-phonon-polaritons,
wherein phonons in the LN and magnons in the EFO are coupled to
the EM wave E- and H-fields, respectively, as they are in the unpat-
terned hybrid waveguide.

Our demonstration illustrates a system with multifunctional
capabilities that should prove promising for realizing ultrafast THz
cavity spintronics. For instance, EFO enables long-term storage and
all-optical addressing of spin states. As a complement, LN has large
electro-optic constants that enable efficient generation and detec-
tion of THz waves,””” with prospects for both spatial and tempo-
ral shaping of the THz field profile,"”** e.g., via chirp-and-delay of
the generating femtosecond laser pulse,”® and prospects for various
forms of electrical control.”” The coupling to THz light in a wave-
guide also allows coherent propagation of the magnetization in a
highly confined and efficient manner. Our cavity is able to achieve
a Q-factor comparable to that of another THz cavity recently used
in strong-coupling work,”® but in a much smaller mode volume
that is nearly diffraction limited. The femtosecond laser machining
process could be used to fabricate other cavity geometries with con-
siderably smaller model volumes.”” Another useful feature is that
the Q-factor can be increased without degrading the THz signal
injection and readout, since these are achieved via optical-
frequency light directly inside the cavity. We believe our approach
may prove valuable for experiments pursuing THz cavity QED.
These experiments require high Q and low V because the vacuum
Rabi frequency must be fast compared with the cavity loss rate and
decoherence processes. A high Q minimizes decoherence, while a
lower V increases the Rabi frequency (Q ~ 1/ V). There has
already been some progress in using electro-optic crystals similar to
LN to measure the quantum properties of light at THz
frequencies.” ™ Combining this methodology with our cavity
should enable the demonstration of THz cavity QED phenomena
in the future.

The on-chip cavity platform might prove useful also for
other applications like sensing and spectroscopy, e.g., by deposit-
ing liquid or solid samples into unpatterned LN slabs or cavities.
The dual-waveguide geometry used here is one example of how a
sample could be coupled to a LN waveguide for linear or nonlin-
ear THz spectroscopy with no free-space THz propagation,
relying on LN for THz generation and detection. While the
hybrid cavity demonstrated here confined the THz polariton field
in all three dimensions, cavities with one or two unconfined
dimensions can also be created by fabricating two photonic
structures with a region between them whose width could be an
(n+1/2) multiple of the desired cavity resonance wavelength,
with the overall thickness of the structure dictating the extent of
confinement in the z dimension through index contrast with the
surrounding free space. The dispersion properties of such cavities

ARTICLE scitation.org/journalljap

closely resemble those of the microcavities used in studies of
exciton-polaritons.*** It is straightforward to see that the effective
mass of magnon-phonon-polaritons in such cavities can be as small
as 1077 m,, about two orders of magnitude lower than the typical
value for exciton-polaritons. The corresponding de Broglie wave-
length Ay, = h/+/2amkgT can be approximately 10 um at room tem-
perature and > 50 um at low but not ultralow temperatures, ~ 10 K.
This indicates that magnon-polariton Bose-Einstein condensation
should be achievable at quite low excitation densities, with interesting
prospects for fundamental study and possible applications in quantum
simulation, low-power coherent THz sources, and other areas.
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APPENDIX A: SIMULATED DISPERSION CURVES AND
FIELD PROFILES FOR THE UNPATTERNED SAMPLES

In the main text, we show a finite element method (FEM)
simulation of electromagnetic wave transmission from the bare
LN slab into the hybrid LN-EFO slab at 0.67 THz in the absence
of any resonances [Fig. 3(a)]. Correspondingly, in Figs. 8(a) and 8(b),
we show the FEM calculated field profile for the first-order wave-
guide modes in bare and hybrid structures at 0.67 THz, respec-
tively. In both the single and hybrid waveguides, a uniform
electromagnetic mode can be seen extending through the slab(s)
and evanescently decaying away on either side of the structure,
illustrating that both samples are acting as THz waveguides.
Furthermore, the existence of three modes for the hybrid slab in
comparison with two modes for the pure LN slab is a result of
the increased thickness as demonstrated in Fig. 8(c), which
shows that the waveguide modes become lowered in frequency
and more closely spaced as the thickness of the waveguide is
increased. We also discuss in the main text two simplifications
for the analysis of the dispersion curves. Firstly, the existence of
an air gap can be ignored as it does not significantly influence
the dispersion curves, as can be seen in Fig. 8(d). Secondly, as
demonstrated by Fig. 8(e), at most frequencies, the hybrid wave-
guide dispersion curves resemble those in a 93um slab of LN,
due to the very similar refractive indices of LN (n =5.0) and
EFO (n = 4.9).
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FIG. 8. FEM simulation of electromagnetic waveguide modes in the unpatterned samples. The data are simulated at 0.67 THz in the absence of the magnon resonance.
(a) Calculated Ey”"Z field profile for the first-order waveguide modes in the bare 53 um LN slab and (b) hybrid 53 um LN -8 um air—40 um EFO structure. (c) Calculated
dispersion curves in the absence of the magnon resonance for a LiNbO3 slab (with n = 5.0) of thickness 53 um or 93 um. (d) Dispersion curves for a hybrid structure of
53 um LN-8um air (n = 1.0)-49um EFO (n = 4.9) and 53 um LN -49um EFO (i.e., without air gap) demonstrate the minimal influence of an air gap. (e) Dispersion
curves for a 93um LN slab and a hybrid 53 zm LN - 49 um EFO structure are very similar.

APPENDIX B: SIMULATED ELECTROMAGNETIC-FIELD
PROFILES OF THE CAVITY MODES

We also performed FEM simulations for the cavity structures.
In Fig. 9(a), we show the simulated E-field profiles for the two
cavity modes, labeled X1 and X2, in the bare LN PhC cavity. In
general, the cavity modes have distinct spatial distributions, with the
higher-frequency modes exhibiting a higher number of nodes and
extrema.”” Correspondingly, the simulated E,-field and H,-field
profiles for the X1 cavity mode are shown in Fig. 9(b). The E-field
component of the light, polarized along the z-direction, can couple
to the phonons in LN to produce mixed phonon-polariton modes.
Simultaneously, the H-field component of light, polarized along the
z-axis, can couple to the AF mode of EFO to produce mixed
magnon-polaritons.

Due to the small focal spot size of the pump (w, ~ 10um,
w, = 50um) and probe pulses (w, ~ w, ~ 10um) in our experi-
ments, their locations in the cavity determine the modes with
which they predominantly interact. By choosing pump and probe

pulses to overlap spatially with the extrema of a particular mode,
we can favor its generation and detection, respectively. For instance,
in Fig. 9(c), we show the frequency spectrum where we selectively
excited and detected either the X1 or the X2 mode.

APPENDIX C: ENERGY DISTRIBUTION BETWEEN THE
LATTICE AND THE ELECTROMAGNETIC WAVE

To calculate the energy distribution between the
lattice motion and the electromagnetic field, we begin by describ-
ing the coupling between the transverse polar optic phonon
mode and the electromagnetic field. The coupled equations are
given as®’

P =wro\e€o(€s — €0)Q + €o(€x — 1)E, (C1

Q= —03Q—TQ+wro\/e,(€ — €x)E. (C2)

Here, P is the macroscopic polarization of the material and Q is the
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normalized ionic displacement of the polar optic phonon mode balance can be expressed as
where an over-dot indicates the time derivative. In addition, wro is
the transverse optic phonon frequency, €, is the vacuum permittiv- -V-S=W, (C3)

ity, and £ and &, are the high- and low-frequency dielectric con-

stants of the material, respectively. Poynting’s theorem relates the where S is the Poynting vector and W is the energy density.
energy stored in the electromagnetic field to the work done on the Equation (C3) states that the rate of energy decrease in the medium
electric dipoles in the medium. In differential form, the energy is equal to the amount of energy flow out of the medium. To
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determine the energy distribution between the lattice and the electro-
magnetic field, we must determine an appropriate energy density
that satisfies Eq. (C3). Such an energy density was proposed by
Huang® in the absence of damping (I = 0), which is given as

1/.2 1
W= (@ +01oQ@) + (el T k), ()

where E and H are the electric and magnetic fields, respectively, Q is
the normalized displacement of the phonon mode, and y, is the
vacuum permeability. The first term in brackets of Eq. (C4) repre-
sents the vibrational energy of the TO phonon mode, given as a sum
of the harmonic oscillator and potential and kinetic energy terms.
The second term in brackets represents the electromagnetic energy,
with an inclusion of the electronic response via the term £.. As
such, we can write the time-averaged energies in the lattice and elec-
tromagnetic wave as

 0F0€0(E0 — £00) (07 + 0F)

Wiatt) = E,|% C5
(Wiar) 4By — ) |Eo| (C5)

1 1 /(k\*
(Wew) = | €00 +— (-) |E, . (C6)
M, \@

o

The time-averaged fraction of mechanical energy in the mode
is then given as

( Wlatt>

) = W) + (Want)” (€7)

where (W) and (W) are the time averaged lattice and electro-
magnetic energies, respectively. Using Egs. (C5) and (C6) and
assuming material parameters for LN as specified in the work of
Feurer et al., > the fraction of energy in the lattice is 32% at 1 THz.
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