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Abstract: Light-matter interaction in the strong coupling regime is of profound interest for
fundamental quantum optics, information processing and the realization of ultrahigh-
resolution sensors. Here, we report a new way to realize strong light-matter interaction, by
coupling metamaterial plasmonic “quasi-particles” with photons in a photonic cavity, in the
terahertz frequency range. The resultant cavity polaritons exhibit a splitting which can reach
the ultra-strong coupling regime, even with the comparatively low density of quasi-particles,
and inherit the high Q-factor of the cavity despite the relatively broad resonances of the
Swiss-cross and split-ring-resonator metamaterials used. We also demonstrate nonlocal
collective interaction of spatially separated metamaterial layers mediated by the cavity
photons. By applying the quantum electrodynamic formalism to the density dependence of
the polariton splitting, we can deduce the intrinsic transition dipole moment for single-
quantum excitation of the metamaterial quasi-particles, which is orders of magnitude larger
than those of natural atoms. These findings are of interest for the investigation of fundamental
strong-coupling phenomena, but also for applications such as ultra-low-threshold terahertz
polariton lasing, voltage-controlled modulators and frequency filters, and ultra-sensitive
chemical and biological sensing.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Strong light-matter interaction in a resonant cavity is at the core of quantum electrodynamics
(cavity QED) research. It has been intensively studied for several decades, as it both reveals
and exploits fascinating quantum-optical phenomena such as entanglement, and provides a
promising approach to quantum computing and quantum information processing [1-5]. While
the strong coupling regime of cavity QED was initially explored with atoms, it was later
realized with a range of fermionic solid-state material systems, involving, for instance,
interband (excitonic) or inter-subband transitions in quantum wells [6—8] and quantum dots
[9,10]. It was also demonstrated with a bosonic superconducting two-level system coupled to
a microwave superconducting transmission line resonator [11], and, most recently, with
cyclotron transitions in 2D electron gases [12,13], spin resonances in magnetic materials [ 14—
16] and molecular vibrational transitions in polymers [17,18]. Strong interaction between
localized surface plasmons and photons in either waveguide or metallic cavity was also
investigated in the visible/infrared spectral range [19-21]. However, the fundamental research
and applications are limited in these experiments due to the nano-scale size of the required
structures. In the terahertz frequency range, on the other hand, it is difficult to realize a cavity
with simple metallic reflectors due to the strong Drude absorption of frree-carriers in metal.
Here, by employing a dielectric photonic crystal cavity [13], we realize the strong interaction
between photons and plasmonic quasi-particles consisting of electromagnetic metamaterials
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(MMs) in the terahertz frequency range, which opens new routes to take advantage of the rich
functionalities of MMs and enables versatile applications in the terahertz frequency domain.

A MM is constructed by densely packing subwavelength-sized dielectric or metallic unit
structures to manipulate the flow of electromagnetic waves with a high degree of precision
[22]. By rational design of the subwavelength elements, a wide variety of optical
functionalities can be achieved, such as chirality [23], negative refraction [24], total
absorption [25,26] and cloaking [27,28]. In general, while the performances of MMs are
demonstrated with classical light, there is also a growing interest in the investigation of the
quantum properties of MMs [29-31]. Very recently, MMs were even employed to generate
and manipulate entangled states of photons [32].

By placing planar plasmonic MMs in a one-dimensional (1D) terahertz photonic crystal
(PC) cavity, we investigate strong coupling of these artificial atoms with the cavity photons.
In the research field of cavity QED, one employs three key parameters to characterize the
interaction of the cavity photons with the material: x,7,g, where x and y represent the

population decay rates of the cavity photons and of the photo-excited state of the material,
respectively, and g is the coupling strength where 2g represents the Rabi splitting. If

2g <(y+K)/2, the interaction is in the weak-coupling regime, whereas for 2g > (y+«)/2,

one is within the limits of strong coupling. Furthermore, if the coupling strength reaches a
sufficiently large fraction of the cavity mode’s resonance frequency ., such that the rotating-
wave approximation of the theoretical treatment is no longer valid, one reaches the ultrastrong
coupling regime (typically defined by g/w. > 0.1). For even stronger coupling (g/®. =1) one
speaks of the deep strong coupling regime [33,34]. A dimensionless parameter which
describes the degree of coherence of the coupling is the cooperativity C = 4g> / (xy), and C

>> 1 also represents a criterion for ultrastrong coupling [35,36].

In this paper, we demonstrate that we reach this regime with two types of MMs: Swiss-
cross structures representing MMs with a pronounced near-field interaction of unit cells, and
split-ring resonators representing MMs with a weak next-neighbor interaction [37]. For the
latter, we demonstrate that the measured coupling strength exhibits a square-root dependence
on the density of the MM unit cells, as expected from a cavity QED treatment of non-
interacting unit cells which are coupled by their collective interaction with the cavity
radiation field. We furthermore show that this collective interaction can also occur in a
nonlocal way between spatially separated MM layers in the cavity. An analysis of the density
dependence of the coupling also allows one to estimate the effective transition dipole moment
for single-quantum excitation of the MM plasmonic quasi-particles, which is an intrinsic
quantum property which cannot be deduced from a classical electromagnetic field treatment,
even though our experiments are conducted with electromagnetic field strengths well into the
classical regime at room temperature. This quantity is essential for a description of the
collective interaction for future studies employing single photons [31] or entangled photons
[32].

2. Results

The inset of Fig. 1(a) illustrates a typical 1D terahertz PC cavity as used in our experiments
[13]. It was constructed from five air-gap-separated silicon slabs, a thicker one serving as the
central defect layer and two outer pairs with identical thicknesses forming Bragg mirrors on
both sides. The first set of measurements were performed with a cavity with a 50-um-thick
defect layer and 23-um-thick mirror layers with 96-pum air gaps between each Si slab. The
transmittance, measured by terahertz time-domain spectroscopy (TDS) with a weakly focused
beam, is plotted in Fig. 1(a) (red solid line). One readily discerns a photonic bandgap with a
central cavity mode at v, = o/2 7 = 0.86 THz, which is due to the presence of the defect
layer. Its full width at half maximum (FWHM) is 10 GHz, corresponding to a Q-factor of 86.
Due to high refractive index ratio between Si and air, five Si layers are sufficient to produce a
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high Q-factor cavity mode. The existence of the bandgap and cavity mode are supported by
calculations with the transfer matrix method (TMM), see black dashed line in Fig. 1(a) (for a
comparison with the measured data over a larger frequency range and a discussion of the
differences, see Appendix). In Fig. 1(b), we present the electric field distributions inside the
cavity at 0.86 THz, showing the field enhancement. The electric field has two amplitude
maxima, resting with opposite polarities on the two surfaces of the defect layer. Hence,
qualitatively, one expects a strong electric coupling for any elements placed on a surface of

the defect layer.
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Fig. 1. 1D terahertz PC cavity. (a) Experimental transmittance spectrum of the bare cavity
measured by terahertz TDS (solid curve) and corresponding theoretical spectrum calculated
with the transfer matrix method (TMM) (dashed curve). The inset shows a typical 1D terahertz
PC cavity. (b) Distribution of the electric field within the bare cavity calculated with the TMM.
The field strengths are given relative to the field amplitudes E, of the incoming radiation. The
solid grey rectangles indicate the positions of the Si dielectric layers.

As a first proof-of-principle experiment of cavity-MM coupling via the electric
component of the radiation field, we fabricated a regular array of the planar Swiss-cross gold
pattern (shown in Fig. 2(a)) directly on one side of the Si defect layer where the electric field
enhancement of the standing wave in the cavity is highest. Varying the physical dimensions
of the unit cell (x, /, w, as indicated in Fig. 2(a); for values, see Appendix), we prepared six
MM specimens with reflection resonance frequencies v, = ®,/2 7 ranging from 0.699 to
1.028 THz. The measured transmittance of the free-standing MM (on a Si substrate) with v ,,
= 0.895 THz is shown in Fig. 2(b) (black curve), where the reflection resonance manifests as
a transmission band-stop filter. The calculated transmittance spectrum of the bare MM is also
shown in Fig. 2(b) (red curve; for all MMs, see Fig. 6 in the Appendix). The calculation
was performed by employing the commercial Maxwell solver software CST (Dassault
Systéemes SE). The FWHM of 244 GHz of the experimental transmittance band is larger than
that of the theoretical one, indicating higher conduction losses in Au than assumed in the
simulations. The asymmetry of the absorption band is found to be a consequence of the near-
field interaction among the unit cells [22]. Also note that the transmission of the symmetric
Swiss-cross MM is not sensitive to the polarization of the terahertz radiation.

Figure 2(c) displays measured transmittance spectra of the cavity loaded with each MM
(red connected circles). The cavity mode was fixed at 0.86 THz. For all six Swiss-cross
specimens, one clearly observes that the cavity mode splits into two hybrid polariton modes.
The secondary modes on the high-frequency-side (visible in the lowest three curves in Fig.
2(c)) result from the asymmetry of the MM absorption and are discussed further below.

For the MM with v ,, = 0.841 THz, which is close to the cavity mode resonance at v, the
measured polariton mode splitting 2g/27z amounts to 300 GHz, which yields a normalized

coupling strength of g/@, =0.17. With the damping rates for the MM (y = 244 GHz) and
cavity (k = 10 GHz) derived from the data of Fig. 2(b) (fitted blue dashed curve) and 1b,
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respectively [38,39], one calculates a cooperativity factor C =37. These values demonstrate
that our experiment indeed reaches the ultrastrong coupling regime.
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Fig. 2. Strong coupling of Swiss-cross MMs with photons in the cavity. (a) Schematic of the
unit cell of the Swiss-cross MM. (b) Transmittance spectrum of the Swiss-cross MM with
reflection resonance at v ,, = 0.895 THz (black curve) and theoretical spectrum (red curve). (c)
Measured (red connected circles) transmittance spectra of the MM-loaded 1D terahertz cavities
for the set of six MMs with varying Vv ,,. Each spectrum is shifted vertically for visibility. (d)
Dispersion of the MM cavity polaritons. Experimental peak frequencies of the upper/lower
primary polaritons plotted vs. the theoretical absorption resonance frequency of each bare MM
(see (b) and Appendix). Red and blue solid curves: coupled-harmonic-oscillator model.

Figure 2(d) displays the frequencies of the measured primary polariton peaks (the upper
branch plotted as blue, the lower one as red diamonds) vs. the frequencies of the absorption
resonances of the six MMs. The plot exhibits the typical avoided-crossing behavior of
interacting oscillators observed when the resonance frequency of one of them (here the MMs,
their frequencies included as open circles connected by the dash-dotted line) is tuned through
that of the other one (the cavity, its resonance frequency — assumed here to be 0.83 THz, see

Appendix — being plotted as horizontal dotted line).

In analogy to atom-based cavity QED [2], the observed coherent coupling arises from the
strong interaction between the cavity photons and the MM plasmons, where the coupling
strength is proportional to the vacuum electric field and the square root of the oscillator
strength (the latter depending linearly on both the density of the MM unit cells and the square
of the effective dipole matrix element). On the other hand, the intuitive classical-physics
picture views the interaction as the coherent coupling between two classical harmonic

oscillators [40,41]. Employing this latter model (see Appendix), we arrive at the pair of
eigenfrequency functions @ . plotted as red and blue curves in Fig. 2(d), which show good
agreement with the experimental data.

In contrast to cavity-QED with a dilute gas of real atoms, where the atoms are essentially
isolated from each other and affect each other only weakly (in the absence of cavity
feedback), each unit cell of the bare Swiss-cross MM is significantly affected by the adjacent
unit-cell structures. This interaction was already found to be responsible for the asymmetry of
the absorption band (see Fig. 2(b)). Another consequence of unit-cell interaction is the
appearance of secondary polariton resonances in the cavity experiments. In Fig. 2(c), one
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observes them at 1.13, 1.05 and 1.01 THz, for the MMs with v, = 0.841, 0.745 and 0.699
THz, respectively. In order to reduce direct interaction between adjacent unit cells and put the
focus on the strong coupling of the MMs with cavity photons, we designed MMs based on
split-ring resonator (SRR) structures, where inter-cell interactions are known to be much
weaker. This is evidenced by the fact that the resonance frequency depends only weakly on
the period of the SRR MM [37]. We first present the polariton splitting as a function of the
detuning between v, and v, by varying the unit cell parameters of the SRR MM (as per the
Swiss-cross MM above). A schematic of the unit cell is shown in Fig. 3(a), where the electric
component of the cavity field couples to the SRR via the electric dipole across the SRR gap
(i.e. polarized along the X-direction). The structural parameters of the fabricated MMs can be
found in the Appendix. Figure 3(b) shows the simulated transmittance spectra for each free-
standing SRR MM (on Si substrates). The resonance frequency of the SRR changes from 0.64
to 0.99 THz. Figure 3(c) presents the transmittance spectra measured when the SRRs were
positioned in the cavity. The spectra again clearly show the splitting of the cavity mode
(resonance frequency of bare cavity is 0.86 THz) into two polariton modes. In this case, no
secondary polariton modes were observed at other frequencies in the photonic band gap
region, due to the much weaker interaction between adjacent unit cells. The extracted peak
positions of the two polariton modes are plotted vs. the resonance frequency v, of the free-
standing SRR MM in Fig. 3(d). The anti-crossing behavior is again reproduced using the
coupled-harmonic-oscillator model. The measured mode splitting is 175 GHz, yielding a
normalized coupling strength of g/m, =0.1.
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Fig. 3. Strong coupling of SRR MMs with photons in the cavity. (a) Scheme of the SRR unit
cell. (b) Calculated transmittance spectra of each SRR MM on Si surface. (c) Measured
transmittance spectra with the SRRs positioned in the cavity, with the cavity mode fixed at
0.86 THz. Note that the weak spurious peaks at 0.79-0.8 THz are due to a small polarization
leakage along the Y direction. (d) Extracted polariton resonance frequencies (solid circles and
squares) from the measured spectra in (c) and fitted curves using the coupled-harmonic-
oscillator model (solid red and blue curves).

In order to verify that the strong coupling originates from the enhanced electric field
strength on the surface of the defect layer, we carried out a control experiment where the MM
was placed in the center of the cavity, where the electric field of the cavity mode is zero
(standing-wave node position as seen in Fig. 1(b)). In that case, only the bare cavity mode



Research Article Vol. 27, No. 17 | 19 Aug 2019 | OPTICS EXPRESS 24460 I

Optics EXPRESS N Y

was observed, and no polariton pair was recorded (data shown in the Appendix), confirming
that the mode splitting indeed originates from the strong interaction between MM plasmons

and the electric field of the photons.
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Fig. 4. Nonlocal collective interaction of SRR MMs with cavity photons. (a) Experimental
transmittance spectra of coupled plasmon-photon modes for three different unit cell densities.
The inset shows an AFM photograph of a part of the processed sample. (b) Dependence of
Rabi splitting on SRR unit cell density. The red squares show the Rabi splitting obtained with
a single MM layer in the cavity, while the blue stars are for the case of two layers of MMs in
the cavity; the dash-dotted line represents a square-root fit.

According to cavity QED with a dilute atomic gas, the coupling strength is proportional to
the square root of the number of atoms which participate in the interaction [13]. For the
strong coupling with MM, one expects to observe an equivalent dependence. In order to
perform such an investigation, we chose SRR MMs because — in contrast to the Swiss Cross
MMs — they exhibit weak near-field inter-unit-cell coupling and hence behave more like non-
interacting atoms. By keeping the size of the metallic structure of the SRR fixed and only
varying the period of the lattice, the effective dipole moment of the SRR unit cell is fixed, but
the density of the SRR unit cells varies.

We prepared eight variants of SRR MMs with different unit-cell density on one surface of
the defect layer (the structural parameters can be found in the Appendix). The measured
transmittance spectra of the MM-loaded cavity are shown in Fig. 4(a) for three unit-cell
densities. One clearly notices that the Rabi splitting widens as the density increases. If one
plots the measured Rabi splitting as a function of density (shown in Fig. 4(b)), one finds that
the data indeed exhibit a square-root dependence, evidencing the collective interaction of a
dilute ensemble of dipoles.

The clear square-root dependence is the proof that the effective quantum transition dipole
moment 4,,,, of the SRR quasi-particles remains constant upon variation of the period of the

lattice. The Rabi splitting then fulfills 2ng =~/N - M - E,,

electric field and N is the number of the SRR unit cells in the terahertz beam. Assuming the
surface area of the terahertz beam as Sty,, and the cavity effect length of the cavity as L., one
then derives

where E . is the vacuum

ac ?

2hg = DMMSTHZ “Hym '\/hwo (grLeffSTHz )71 = \/DMthO (grLeff )71 “Hym (H

where D,,, is the 2D SRR unit cell density, and &, is the relative permittivity of Si. If one
takes the cavity effective length as the inner volume of the cavity (i.e. the thickness of the
defect layer and two adjacent air gaps), then the effective transition dipole moment of the

SRR quasi-particles can be determined to be ,,, =1.2x107 C-m, which is several orders

-30

of magnitude larger than that of natural atoms (of 6.3X10™" C-m for the Is-to-2p atomic

transition in hydrogen) [42].
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As in natural atoms/molecules, this transition dipole moment is an intrinsic property
corresponding to a single quantum of excitation (not to be confused with the classical induced
dipole which depends on the field strength), whereby the distance & = 4, /e provides an

approximate scale for the displacement of (a unit) charge upon excitation. Here, this results in
a value or =75 um. It is compelling to compare this to the dimensions of the single SRR

structure, with an outer ring dimension » =24 ym and stripe width and gap of u = p =5 um,
whereby the length of the SR circuit amounts to Lg, =4(n—u)—p=71um. To our

knowledge, this is the first experimental determination of the effective transition dipole
moment of a MM unit cell, which is greatly facilitated by the context of cavity coupling and
allows this quantity to be calculated from the polariton frequency splitting.

We finally address the nonlocal character of the cavity-MM interaction. For the
demonstration of nonlocality, we take advantage of the fact that there are two electric field
maxima of the cavity mode, one on each side of the cavity (defect) layer, as shown in Fig.
1(b). We prepared two MM specimens with identical unit-cell density, where a MM layer is
located on each side of the defect layer (structural parameters given in the Appendix), and
investigated the mode splitting by the coupling with the cavity photons. The measured Rabi
splitting is plotted as blue stars in Fig. 4(b). The data points fall nearly perfectly onto the fit
curve derived earlier for the single-surface specimens. This experiment clearly demonstrates
that the SRR unit cells are still coupled collectively with the photons, even though they
originate from spatially separated MM layers (with a separation much larger than the spatial
extent of the evanescent fields about each MM layer).

3. Discussion

We have experimentally demonstrated the interaction of photons and plasmonic MMs in a
one-dimensional terahertz cavity, and can account for the observed ultrastrong coupling of
light-matter interaction using coupled-mode theory. While certain aspects of collective
interactions in free-standing MMs have been intensively investigated recently, these rely
primarily on a linewidth analysis of the reflection/transmission spectra [43,44]. Here, by
exploiting cavity QED, we provide a new experimental approach to study many-body effects
in MMs, where the splitting of the cavity-photon-plasmon polaritons provides a robust
measure of the collective MM response and quantum properties of each unit cell.

The availability of a broad family of MMs with versatile properties opens the pathway to
a range of rich functionalities for the resulting polaritons, such as tunability, polarizability,
switchability, and chirality. In addition, the electric field enhancement due to the combined
effects of MM and cavity yield a high Q-factor and polariton splitting which can be extremely
sensitive to dielectric environmental changes, which can be exploited for applications in
chemical and biological sensing [45,46], especially in the terahertz frequency range where
many important species have spectroscopic fingerprints. Moreover, one can envisage hybrid
cavities, where the plasmon-phonon polaritons additionally couple to fermionic material
systems, such as quantum wells or superconductor qubits [47] for quantum information
processing.

Appendix
Transmittance of the bare 1D terahertz PC cavity

The cavities were constructed from 10x10-mm?’ pieces of commercially available, highly
resistive silicon wafers (purchased with the specified thicknesses and already polished on
both sides, specific resistance: p > 5 kQ-cm). The four pieces of the mirror slabs were cut
from a single wafer to minimize the thickness variation. The wafers were mounted between
metallic rings which provide the air spaces. The inner diameter of the metal spacer was 6 mm
and the outer diameter 13 mm. The thickness of the metal rings used for all samples varied in
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the range 95-99 pum: the effect of such a variation on the Q-factor of the cavity can be
neglected, as confirmed by simulations.

The experimental and simulated transmittance spectra of the 1D terahertz PC cavity in the
frequency range about the photonic bandgap region is shown in Fig. 1(b) in the main paper.
Here we display these data over a wider spectral range in Fig. 5. The 1D terahertz PC cavity
is composed of 23-um-thick Si outer layers, with 96-pm-thick air spacers and a 50 pm-thick
Si defect layer. This design yields the two lowest-order cavity band gaps in the ranges ~0.5-
1.25 THz and ~2.25-2.8 THz, respectively, each with a sharp defect pass-band (at ~0.86 and
2.55 THz, respectively). As can be seen, the overall correspondence between theory and
experiment is good, although the experimental features are less sharp. For instance, while the
calculated Q-factor of the cavity mode at 0.86 THz is 500, in the experimental measurements
the Q-factor is only 86. We attribute this effect primarily to the bending of the thin 23-pm Si
layers which occurs during construction of the cavity.
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Fig. 5. The simulated (black dashed curve) and measured (red solid curve) transmittance of the
1D terahertz PC cavity (structure as shown).

Experimental setups

We used THz time-domain spectroscopy to characterize the transmittance properties of the
bare cavity, the bare MMs and the MM-loaded cavity. In the measurement set-up, terahertz
pulses are generated by a two-color air plasma source [48], which is pumped by near-infrared
pulses from a Ti:sapphire amplifier laser (Clark-MXR, CPA-2101, 1 kHz, A4,= 775 nm,

Twmm =1501s). The terahertz pulses are detected electro-optically with a 500-um-thick ZnTe

crystal. The optical gating pulse used for electro-optic detection is split from the amplifier
laser beam, then spectrally broadened by self-phase-modulation in an argon-filled hollow-
core fiber, and temporally compressed down to ~30 fs by a set of negative-dispersion mirrors
[49]. The spectral resolution of the measurements is 5 GHz, limited by the time domain
scanning range of 200 ps.

For characterizing the transmittance features of SRR MMs, we employed a TOPTICA
TeraScan 1550 radiation source. It generates continuous-wave terahertz radiation in an
InGaAs photomixer pumped with the beat-note of two telecom lasers (1550 nm) with a
tunable difference frequency. The terahertz wave was detected by an InGaAs
photoconductive antenna with phase-sensitive photocurrent acquisition.

In both the terahertz spectroscopy setups, the terahertz beam is focused by 100-mm focal
length parabolic mirrors, with the focused terahertz beam diameter of ~2 mm. Hence there are
~657 (297) MM unit cells illuminated by the terahertz beam for the smallest (largest) unit cell
with the period of 78 pm (116 pm).
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Transmittance of free-standing Swiss-cross metamaterials

Six Swiss-cross MM specimens were fabricated on 50-um-thick Si substrates which were
then inserted into the cavity as MM-loaded defect layers. The metal patterns were defined by
optical lithography following the deposition of 5-nm Ti and 200-nm Au by electron-beam
evaporation. The pattern transfer was performed by a lift-off process. The frequencies of the
absorption resonances of the MMs were selected by the choice of the values of the three
parameters x, [, and w of Fig. 2(a). The values are listed in Table 1 (the ratio of the
parameters were kept constant).

We present the simulated transmittance spectra of the free-standing MM (on a Si
substrate) in Fig. 6 assuming the MM structure to consist of 200-nm-thick Au with a
conductivity of 4.56x10” S/m (and suppressing multiple reflections in the Si substrate using
open boundary conditions). As can be seen, each MM has near-unity transmittance at low
frequencies, followed by a resonance-like transmittance minimum with a width ~100 GHz.
We classify each MM by their respective resonance frequencies v, where the transmission

minima occur (i.e. with v, ranging from 0.699 to 1.028 THz).

Table 1. Dimensions of the processed Swiss-cross MMs and the calculated resonance

frequencies.
Met terial t X w
etamaterial type / v,
(um) (um) (um) (THz)
MM 116 81 21 0.699
MM 108 76 19 0.745
MM 96 67 17 0.841
MM 90 63 16 0.899
MM 84 59 15 0.956
MM 78 55 14 1.028
F 1.028 THz
25+
F 0.956 THz
20t \/V/
o  0.899 THz
o
c
S 151 0841THz
5
E 10 0745THz
-
[ 0.699 THz
08 \//—/’
00 o 1 1 1 L 1
0.2 0.4 0.6 0.8 1.0 1.2

Frequency (THz)

Fig. 6. Simulated transmittance spectra of the free-standing Swiss-cross MM samples used in
the experiments, with different MM reflection resonance frequencies V,, (indicated by the

labels for each curve) achieved by varying the MM dimension parameters (see Table 1). The
curves are shifted vertically for better visibility.

Strong coupling with Swiss-cross MM positioned in the center of the cavity

We demonstrated the strong coupling of Swiss-cross MM with the electric field of the cavity
photon by positioning the Swiss-cross MM on the surface of the defect layer. For comparison,
we performed additional control experiments with a MM placed in the center of the defect
layer, where the standing-wave electric field is zero.
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Fig. 7. Experimental transmittance spectra for the bare cavity (black dash-dot line) and MM-
loaded cavity (red line).

To realize this geometry, we fabricated a Swiss-cross MM and integrated it into the center
of the defect layer by photolithographic preparation of the MM on a Si substrate with half the
thickness of the target defect layer, placed in contact with a second substrate to form the
sandwiched MM defect layer. Considering the cavity used in the main text, this implied
processing a 25-pum-thick Si dielectric substrate. However, performing optical lithography on
such a thin Si layer turned out to be extremely challenging, such that we decided to rather
work with a sandwich of two 50-pm-thick Si layers. To accommodate the thicker defect layer
(i.e. to achieve a defect resonance in the bandgap of the outer Si pairs), we redesigned the
cavity using 50-um-thick Si slabs as dielectric mirror layers separated by air gaps of 96 pm
width. Calculations predict the cavity resonance frequency to be at 0.48 THz which was
confirmed by transmittance measurement with a tunable continuous-wave THz system, as
shown in Fig. 7 (black dash-dot line). The Q-factor of the cavity was found to be 44.

We prepared a Swiss-cross MM in this demonstration, and the size parameters of the MM
are x =125 pm, / = 87 um and w = 22 um. The measured transmittance spectrum with the
MM loaded in the cavity is shown as the red line in Fig. 7. One clearly notices only one
transmission peak in the photonic crystal band gap, and no polariton peak is observed. The
slight deviation of the resonance frequency with the MM in the cavity can be attributed to the
additional space between two sandwiched Si layers due to the presence of the metallic
structure. These experiments indicate that the polariton splitting observed in the main text
indeed originates from the strong interaction between the MM and the electric field
components of the cavity photons.

Plasmon-photon-polariton with SRR MM

We demonstrate here, that a split-ring-resonator (SRR) MM can also couple strongly with the
cavity photons. Employing the same strategy as for the Swiss-cross experiments, we fixed the
cavity mode frequency at 0.86 THz, and tuned the resonance frequency v, of the SRR MM

by varying its structural parameters. A scheme of the SRR MM unit cell is shown in Fig. 3(a)
and the respective dimensions are listed in Table 2. The probing electric field was aligned
along the X- direction. Figure 3(b) shows the simulated transmittance spectra for each SRR
MM on the Si surface. The resonance frequencies of the SRR MMs change from 0.64 to 0.99
THz.
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Table 2. Dimensions of the designed SRR MM (see Fig. 3(a)) and their calculated

resonance frequencies V, .

Metamaterial type m n u p Vm

(pm) (pm) (pm) (nm) (THz)

SRR 75 30 5 5 0.64
SRR 66 26.6 5 5 0.75
SRR 62 25 5 5 0.82
SRR 59 24 5 5 0.87
SRR 55 22 5 5 0.99

For the investigation of the collective interaction of SRR unit cells with cavity photons,
the size parameters of the SRR #n, u, p were fixed at 24 pm, 5 pm and 5 pm, respectively.
We then varied the period m choosing the values 94, 82, 72, 62, 52, 44, and 40 pm. The unit
cell density correspondingly varied from 1.1x10*cm™ to 6.2x10*cm™ .

For the experiments of nonlocal collective interaction, we deposited identical MM layers
on each side of the defect layer, which was then placed into the cavity. For the two
measurements presented in Fig. 4, we fabricated two different samples, with periods m of 82
and 44 pm, respectively.

Rabi splitting versus absolute terahertz pulse intensity

Note that because MM plasmons represent a bosonic system, the Rabi splitting does not
depend on the number of photons coupled externally into the cavity [50]. We tested this
assertion by experimental variation of the incident terahertz pulse intensity, which left the
Rabi splitting unchanged as expected. While this feature justifies the description of the system
by coupled harmonic oscillators, this harmonic character must be broken to make applications
in quantum information processing possible. Several pathways to achieve this have been
suggested in the literature such as active feedback in the cavity [51] which poses a promising
avenue for future investigations.

Classical theory of coupled harmonic oscillators

We simulated the dependence of the polariton splitting (and avoid-crossing behavior) on the
Swiss-cross MM resonance frequency (Fig. 2(d)) within the coupled harmonic oscillator
formalism [41], which is based on differential equations for the two generalized coordinates
x,(t) and x,(t):

X+ K% +@ix +VE, =0 @
X, + 7%, +@lx, Vi, =0,

where @, is the cavity mode frequency, @, the MM resonance frequency, x the photon

number decay rate of the cavity, y the damping rate of the MM plasmons, and, ¥ the coupling

parameter. Under the conditions @’ — @’ =—-2@(w, —®) and @ — @’ = -2a(®, — ) , one

obtains solutions with the following frequency eigenvalues:

. +o,

w, =
_(2

Kty
)—i( 1 )-

3
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iz\/(a}m ) —( 3 )" +i( 5 N, —a.)+V
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By employing the experimental damping rates ( K and ¥, given in the main text), we obtained

the fit shown in Fig. 2(d), which yielded an estimate for the coupling parameter V' = 300 GHz.
Note that the cavity mode frequency had to be taken as 0.83 THz (instead of 0.86 THz) in
order to restore the experimental inversion symmetry of the two polariton branches with
respect to the @, = wy-point (crossing point of the two lines in Fig. 2(d)). The effective
resonance shift is attributed to a slight change of the cavity parameters either induced by the
finite thickness of the MM’s metallization or occurring during cavity alignment. For the
simulation of SRR MM as shown in Fig. 3(d), we employed a similar method.
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