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Abstract 32 
A system of N two-level atoms cooperatively interacting with a photonic field can be 33 
described as a single giant atom coupled to the field with interaction strength ∝ √𝑁. This 34 
enhancement, known as Dicke cooperativity in quantum optics, has recently become an 35 
indispensable element in quantum information technology based on strong light-matter 36 
coupling. Here, we extend the coupling beyond the standard light-matter interaction 37 
paradigm, emulating Dicke cooperativity in a terahertz metasurface with N meta-atoms. 38 
Cooperative enhancement manifested in the form of matter-matter coupling, through the 39 
hybridization of localized surface plasmon resonance in individual meta-atoms and surface 40 
lattice resonance due to the periodic array of the meta-atoms. By varying the lattice constant 41 
of the array, we observe a clear anticrossing behavior, a signature of strong coupling. 42 
Furthermore, through engineering of the capacitive split-gap in the meta-atoms, the 43 
coupling rate was cooperatively enhanced into the ultrastrong coupling regime by a factor 44 
of √𝑁. This room-temperature technology serves as a convenient quantum emulator of the 45 
dynamics of a qubit with a giant dipole moment coherently driven by a single bosonic field. 46 
 47 
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 48 
 49 
Introduction  50 

The phenomenon of strong coupling (SC) has been observed in various physical 51 
systems in recent years and is considered to be a key element in many of the current near-52 
term intermediate-scale quantum information technology such as quantum transduction, 53 
networks, and sensing (1). Impressive progress has been made in enhancing the coupling 54 
strength from the SC regime and into the ultrastrong coupling (USC) regime (2). The ground 55 
state of a system in the USC regime is a highly entangled two-mode squeezed state (3-5), 56 
which can be used for efficient protocols for quantum state generation (6), ultrafast two-57 
qubit quantum gates (7, 8), and protected quantum computation, and quantum memories 58 
with dramatically enhanced coherence times (9, 10).  59 

The most common mechanism to achieve strong light-matter coupling is by placing 60 
an emitter inside a cavity, i.e., a cavity quantum electrodynamics (QED) system. The 61 
interaction of cavity photons with the emitter material is usually characterized by two 62 
standard parameters: cooperativity 𝐶 = 4L!/(𝜅𝛾), which describes the degree of coherence 63 
of the coupling, and the normalized coupling strength ratio 𝜂 = L/𝜔", where L represents 64 
the coupling rate proportional to the dipole moment, 𝜅 (𝛾) is the photon (matter) decay rate 65 
and 𝜔" is the resonance frequency. SC is achieved when 𝐶 > 1 (when the Rabi splitting is 66 
larger than the linewidth), and USC is achieved when 𝜂 ≳ 0.1 (when Λ becomes a 67 
considerable fraction of 𝜔"). To maximize 𝐶 and L/ω", one should construct a system that 68 
combines a large dipole moment, a small decoherence rate, a large cavity Q factor, and a 69 
small resonance frequency. 70 

The coupling rate L can be enhanced by a factor of √𝑁 when N atoms cooperatively 71 
interact with a photonic field (11, 12). This remarkable property, also known as Dicke 72 
cooperativity, has recently gained renewed interest in condensed matter cavity QED systems 73 
consisting of N dipoles with very large dipole moments (13-16). Most recently, the concept 74 
of Dicke physics has been extended to matter-matter coupling, including spin-magnon 75 
coupling (17) and magnon-magnon coupling (5). These prior studies, however, have been 76 
carried out under conditions that require either low temperatures and/or ultrahigh magnetic 77 
fields. 78 

Here, we report a new type of cooperatively enhanced matter-matter USC. We 79 
observe cooperative coupling of a localized surface plasmon resonance (LSPR) ensemble 80 
with the first-order surface lattice resonance (SLR) in an array of meta-atoms, in the 81 
terahertz (THz) frequency range at ambient conditions. The LSPR-SLR coupling rate 82 
depicts a characteristic scaling behavior with the density of meta-atoms, evidencing Dicke 83 
cooperativity. In this artificial matter-matter system, we simultaneously achieve a high 84 
cooperativity C = 37 and a normalized coupling strength ratio Λ/𝜔#$%& = 0.15, respectively.  85 
 86 
Results  87 

Figure 1A shows the investigated metasurface (MS). It is based on an array of silver 88 
(Ag) four-gap split-ring resonators (SRRs) deposited on a 50.8-µm-thick polyimide 89 
substrate. The choice of SRRs is of particular interest because of their simple fabrication, 90 
full control over the resonance parameters (frequency, linewidth, and amplitude), and room 91 
temperature operation. In addition, due to the extreme mechanical flexibility of the 92 
substrate, the investigated structure is ideally suited for non-planar applications (18-20). 93 
Recently, the use of thin and flexible substrates has provided an unprecedented route to 94 
achieve active tunability in the frequency of metamaterials due to modifications in the 95 
profiles and the periodicities of the structures when the substrates are stretched (21–23).  96 
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The relevant geometrical dimensions of the unit cell are: R = 90 µm, g = 35 µm, w = 35 µm 97 
and px = py = p is varying within the range 275 µm - 400 µm. When p = 275 μm, one can 98 
observe a dip in transmittance at 0.66 THz, corresponding to the excitation of the localized 99 
surface plasmon resonance (LSPR) of individual SRRs (Fig. 1C). The z-component of the 100 
normalized local electric field (Ez) associated with the LSPR is shown in Fig. 1D and 101 
evidences that the electric field is mainly localized around the metal SRRs. More 102 
specifically, one can observe a highly confined electric field around the capacitive gaps, and 103 
no field enhancement is observed elsewhere, which is one of the bases for high-performance 104 
sensing using metafilms [24-26]. 105 
 106 

 107 
Fig. 1. (A) Schematic of the THz MS array. (B) Scanning electron microscope image (SEM) 108 
image of the fabricated sample with the relevant geometrical dimensions: R = 90 µm, g = 109 
35 µm, w = 35 µm and p = 275 µm. (C) Simulated (solid line) and measured (dashed line) 110 
transmission spectra. (D) Simulated z-component of the normalized local electric field (Ez) 111 
distribution at the LSPR frequency. 112 
 113 

When p = 275 μm, the first-order surface lattice resonance (SLR) for the MS sample 114 
occurs at a frequency of 0.88 THz and does not couple to the LSPR mode at 0.66 THz. SLRs 115 
are typically produced by the interference of a broad resonance, namely LSPR here and a 116 
discrete state associated with the light scattered in the plane of the array at the Rayleigh 117 
anomaly position (27). Due to simplicity and versatility of the SLR, it has been successfully 118 
coupled to different plasmonic systems (28-31). Figure 2A shows the simulated (solid lines) 119 
and measured (dotted lines) transmission spectra for different values of the period p (from 120 
bottom to top, p = 275, 325, 350, 375 and 400 µm, respectively).  121 

For clarity, each curve is vertically offset. Even though there are some differences 122 
in amplitudes and bandwidths between simulations and experiments, the measured data 123 
confirm very well the numerical predictions, and the general trend is not affected by this 124 
discrepancy. The differences between simulations and experiments can be attributed to 125 
losses of the substrate, small experimental discrepancies of the geometry from unit cell to 126 
unit cell, and residual surface roughness of the samples, which can cause strong 127 
inhomogeneous broadening and damping of the resonances (32). At p = 325 μm, a resonance 128 
additional to the LSPR is observed on the higher frequency side at 0.73 THz, which 129 
corresponds to the first-order SLR (Fig. 2A). The corresponding electric field (Fig. 2C) 130 
exhibits a simultaneous excitation of the metal SRRs along the polarization direction (E || 131 
x-axis) and a standing grazing wave in the perpendicular y-direction.  132 
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Upon increasing the lattice constant of the array from 275 μm to 400 μm and keeping 133 
the other geometrical parameters constant, the amplitude, the linewidth, and the spectral 134 
position of the resonances are modified (Fig. 2A). The measured transmission spectra are 135 
characterized by a transparency window between the two transmission minima. This 136 
behavior, named lattice-induced transparency, is analogous to vacuum-Rabi splitting which 137 
leads to quantum level repulsion or anti-crossing effect (33, 34). In Fig. 2B, we extract the 138 
spectral positions of the two minima from the sample transmission and plot them as a 139 
function of lattice constant, which results in upper (UP) and lower (LP) polaritons. As the 140 
SLR is varied across the LSPR transition frequency, the system exhibits a distinct anti-141 
crossing feature (Fig. 2B), a clear signature of strong coupling. Numerical simulation, 142 
experiment and our quantum model all show good agreement.  143 

The full Hamiltonian of the interacting matter-matter (LSPR-SLR) coupled system 144 
can be expressed as (14, 15): 𝐻6'(' = 𝐻6#$%& + 𝐻6$#& +	𝐻6)*' + 𝐻6+!, where 𝐻6#$%& =145 
ℏ𝜔,-.𝑎;/𝑎;, 𝐻6$#& = ℏ𝜔$#&𝑏=/𝑏= and 𝐻6)*' = ℏΛ𝑎;>𝑏=/ − 𝑏=@ + ℏΛ𝑎;/>𝑏=/ − 𝑏=@ and 𝐻6+! =146 
(ℏΛ!/𝜔$#&)(𝑎;/𝑎;/ + 𝑎;/𝑎; + 𝑎;𝑎;/ + 𝑎;𝑎;). The first two terms 𝐻6#$%& and 𝐻60,. represent the 147 
energy of the LSPR at ωLSPR and the energy of the SLR at ωSLR. The operators 𝑎; and 𝑎;/ (𝑏= 148 
and 𝑏=/) are the annihilation and creation operators for LSPR (SLR), respectively. The 149 
matter-matter interaction term, 𝐻6)*', with coupling strength L includes counter-rotating 150 
terms, ℏΛ>𝑎;/𝑏=/ − 𝑎;𝑏=@, which are usually neglected under the rotating wave approximation. 151 
Also included in the total Hamiltonian is the so-called A2 term. The pre-factor ℏΛ!/𝜔$#& 152 
of the A2 term suggests that this term is negligible in the weak-coupling regime, but can 153 
have measurable effects when L is a significant fraction of 𝜔$#&.  154 

Strongly coupled systems exchange energy among the modes, quantified by the 155 
vacuum-field Rabi splitting frequency. Solid white lines in Figure 2B present the best fit to 156 
our data. The vacuum Rabi frequency Ω&, which is defined as the frequency separation of 157 
the two polariton branches at zero detuning (i.e., when the uncoupled LSPR and SLR 158 
frequencies are equal) was determined to be 50 GHz at p = 348 µm, is equal to twice the 159 
LSPR-SLR coupling strength L. This corresponds to a normalized coupling strength ratio 160 
L/ωLSPR of 3.79 %, which is similar to the recently reported threshold in the THz frequency 161 
regime (30).  162 

To achieve SC with N emitters at room temperature, the coupling strength L ∝163 
B𝑁/𝑉 needs to exceed the cavity loss rate k ∝ 1/𝑄 and the total emitter decay rate g (35). 164 
This can be achieved by reducing the mode volume in plasmonic resonators and by using 165 
large numbers of emitters. In this context, periodic MSs with subwavelength features offer 166 
a remarkable alternative to the standard cavity scheme. Figure 3 shows that by actively 167 
changing the capacitive gap of the SRR array, it is possible to dynamically tune and enhance 168 
the normalized coupling strength ratio. Indeed, as the capacitive split gap g is decreased 169 
from 35 µm to 5 nm, a blueshift and detuning of the polaritonic curves occurs, which is 170 
accompanied by a gradual enhancement of the normalized coupling strength ratio (L/wLSPR).  171 
 172 
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 173 

Figure 2. (A) Simulated (solid line) and measured (dashed line) transmission spectra of the 174 
Metasurface for different lattice constants p. From bottom to top, p = 275, 325, 350, 375 and 175 
400 µm, respectively. The spectra are offset vertically for clarity. The red lines are guides to 176 
the eye and follow the position of the two polaritonic states. (B) The extracted frequencies 177 
versus lattice constant p are displayed of the simulated and measured resonances, showing 178 
an anti-crossing behavior (vacuum Rabi splitting Ω&(𝑔) = 2Λ). (C) Simulated z-component 179 
of the normalized local electric field (Ez) distribution at the frequency of the first-order SLR 180 
for an intermediate periodicity of p = 350 µm. 181 

 182 
Notably, the system exhibits the largest normalized coupling strength ratio L/wLSPR when g 183 
= 5 nm, corresponding to an equivalent total capacitance CT of about 7.32 fF. Indeed, at 184 
zero detuning where wLSPR = wSLR = 0.415 THz (at p = 554.4 µm), the measured polariton 185 
mode splitting 2L = 120 GHz, which yields a normalized coupling strength ratio of 0.15 186 
(Figs. 3F and 3G, respectively); this puts the system into the USC regime, defined by 187 
L/wLSPR > 0.1 (16). The damping rates for the LSPR (κ = 13.34 GHz) and SLR (γ = 29.12 188 
GHz), derived from the data in Fig. 2B (fitted blue dashed curve) and Fig. 1B, respectively, 189 
one calculates a cooperativity factor C = 37. This value indicates that the system reaches 190 
the USC regime. The coupling strength ratio can be further enhanced through a more exotic 191 
design of the resonators.  192 

The results obtained here clearlydemonstrate that the equivalent capacitance 193 
associated with the metallic resonators is a crucial parameter determining the coupling 194 
strength L. As a result, increasing the capacitance of the metamaterial resonator increases 195 
the Rabi frequency. Similar capacitance-dependence of the Rabi splitting was observed in 196 
a metamaterial nanocavity coupled to intersubband transitions in a semiconductor 197 
heterostructure quantum well (QW) (36). 198 

Interestingly enough, we also found the magnitude of the coupling rate ΛG to be 199 
proportional to 𝛼B𝜌, illustrating the collective nature of the LSPR-SLR coupling, where r 200 
is the surface density of the MS unit cells and a is a fitting parameter, which is set to a = 201 
0.5 (Fig. 4). The situation is analogous to a standard N-atom cavity QED experiment, in 202 
which an ensemble of N two-level atoms couples with a vacuum photon field in an optical 203 
cavity. Here, we extended the concept of cooperatively enhanced coupling to an exclusively 204 
solid-state system, demonstrating that it also occurs in artificial plasmonic meta-atoms in 205 
the form of matter-matter interaction.  206 
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 207 

Figure 3. Capacitance-dependent anti-crossing spectra for the metasurface. (A)-(F) 208 
Contour plots illustrating the transmission amplitude for different values of the capacitive 209 
gap g between 5 nm and 35 µm. A full Hamiltonian is used here to fit the numerical data. 210 
The white solid lines represent the LSPR and SLR transmission dip positions, respectively. 211 
(G) Evolution of the normalized coupling strength ratio vs the equivalent total capacitance 212 
of the metasurface. We observed a clear capacitance-dependent LSPR-SLR anticrossing 213 
behavior (Fig. 3, A to F), and the magnitude of L/ωLSPR increases with decreasing split 214 
capacitive gap, indicating that the LSPR-SLR coupling becomes stronger. 215 

From the contour plot spectrum of Fig. 3A (when g = 35 µm), we determined the 216 
total capacitance CT = 0.46 fF, the periodicity at zero detuning p = 348 µm and the 217 
corresponding surface density of the MS unit cells r = 7.5 ´106 /m2, yielding to WR = 50 218 
GHz and L/ωLSPR = 0.0379. Parameter values determined in this manner for all capacitive 219 
split gaps are summarized in Table 1. 220 
 221 



Manuscript Template                                                                           Page 7 of 16 
 

 222 

Figure 4. Dependence of Rabi splitting on SRR unit cell density. The red squares show 223 
the coupling rate obtained with a single MS layer, while the green solid line represents a 224 
square-root fit. 225 
 226 
g(µm) CT(fF) p(µm) at  

anti-crossing 
r(106/m2) 𝑛"## WR(GHz) Ω$/(2ωLSPR) %!&"##

2'
𝐶T(𝑔)−𝐶rest

𝐶𝑟𝑒𝑓
𝜔LSPR(𝑔)𝜔𝑟𝑒𝑓

  

35 0.46 348 7.58 1.3 50 0.0060 0.0012 
20 0.57 371.12 7.26 1.3 70 0.0090 0.0014 
10 0.71 389.98 6.57 1.3 75 0.0101 0.0013 
5 0.85 403.68 6.13 1.3 85 0.0119 0.0012 

0.5 1.35 451.16 4.91 1.3 90 0.0140 0.0011 
0.05 2.26 538.54 3.57 1.3 100 0.0183 0.0010 
0.005 7.32 554.43 2.93 1.3 120 0.1500 0.000672 

 227 
 Table 1. Parameters extracted for each capacitive split-gap discussed in the main text. 228 
 229 
Discussion  230 

Here we provide some interpretations to several findings presented in the results 231 
section. First, it is well known that the arrangement of metallic micro/nanoparticles into a 232 
periodic lattice can give rise to an in-plane propagating lattice surface mode, which 233 
appears near the Wood anomaly (37). The wavelength of the Wood anomaly can be 234 
calculated by matching the wave vector kin of incident light in the surrounding air medium 235 
with the reciprocal vector Gi,j of a two-dimensional square lattice. According to grating 236 
theory, in the most general case of a square grating with period p sitting on the interface 237 
between two media with refractive indices n1 and n2, the position of the Rayleigh 238 
anomalies is given by (27): 239 

l4,6 = 𝑝 78!
!(4!:6!)<89!6!=)*!>±489 =)* >

4!:6!
																																											(1) 240 

where 𝜃 is the angle of incidence, and i and j are integers corresponding to the diffracted 241 
order of the anomaly. Under normal incidence (i.e., 𝜃 = 0º), the condition for the excitation 242 
of the SLR for an effective square lattice in the surrounding air medium (n1 = 1) can be thus 243 
simplified by  244 
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l4,6 = 𝑝 78:;;
!(4!:6!)
4!:6!

																																																										 (2) 245 

From simulation results, the effective refractive index n2 = neff was deduced to be 246 
about 1.3. By varying the lattice constant of the meta-atoms to greater spacings, we 247 
continuously changed the detuning between the SLR and the LSPR, which provides a 248 
possibility for the SLR to coincide with and couple to the fundamental radiative LSPR at a 249 
certain range of periodicities. The possibility to continuously tune the SLR allows to follow 250 
the evolution of the polaritonic states (one can clearly see the interaction of the two modes), 251 
as the system is driven from the uncoupled regime to the strongly coupled one. Indeed, as 252 
shown in Fig. 2, for a periodicity of p = 325 µm, a weak coupling occurs between the LSPR 253 
and the SLR of the SRRs with a gap width of g = 35 µm. Upon increasing the periodicity to 254 
p = 348 µm, the SLR mostly overlaps with the LSPR, thus leading to the formation of two 255 
mixed modes as a result of the strong coupling. When the periodicity is further increased to 256 
p = 400 µm, the SLR is resonant out of the LSPR, and only weak coupling between these 257 
two resonances is observed (Fig. 2).  258 

1. Capacitively-assisted Rabi splitting enhancement 259 
Our aim is to understand the correlation between the geometry of SRRs, particularly 260 

the capacitive split gap g, and the enhancement of the coupling rate L observed in Fig. 3. 261 
One advantage of the metasurface-based plasmonic systems is the ability to localize strong 262 
field concentrations within small split-gaps when excited by incident light and dramatically 263 
enhance nonlinear response in materials being introduced. To gain a deeper insight into the 264 
physics of the capacitively-mediated enhanced coupling rate, we plotted in Fig. 5 the 265 
dependence of the z-component electric field (Ez) enhancement on the total capacitance CT. 266 

One can observe that decreasing the size of the split gap in the deep subwavelength 267 
scale (i.e., ≪ 𝜆"), namely from 35 µm to 5 nm, causes remarkable local field enhancement 268 
at the split gap of the SRRs. Indeed, an increase of about 15-fold is achieved for a 5 nm gap. 269 
The field enhancement (light localization) in the gaps of the resonators can be explained 270 
microscopically by opposite charges accumulation at the two sides of the gap. Therefore, 271 
stronger field enhancement can be realized with a shorter gap. The presence of the substrate 272 
affects the electric field enhancement and increases the effective width of the gap. This 273 
causes a blueshift of the frequency of resonance and reduces the field concentration. So, a 274 
substrate with a low refractive index is preferred for strong field enhancement (38).  275 

Additionally, it is found that the linewidth of the uncoupled LSPR is systematically 276 
broadened as the equivalent total capacitance increases (g decreases), namely Q » 2.23 for 277 
an intermediate g = 50 nm (g ≈ l0/105), as compared with Q = 11.46 for g = 35 µm (g ≈ 278 
l0/14, from Fig. 1B), both estimated when p = 300 µm. This broadening of the linewidth, 279 
which results from a radiative damping process, indicates that the incident light propagates 280 
with high scattering, suggesting a strong diffraction coupling, similar to the functioning of 281 
a diffraction grating based on subwavelength apertures array. Consequently, the normalized 282 
coupling strength ratio L/ωLSPR between the SLR and the LSPR is dramatically enhanced 283 
so that the USC regime is reached. 284 
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 285 

Figure 5. Dependence of the maximum field enhancement factor on gap size. Electric 286 
field enhancements calculated at the x-y plane of z = 0 µm for different gap widths. the 287 
dashed red curve is a fitted line. Inset: z-component of the normalized electric field (Ez) 288 
distribution at zero detuning for the MS with a gap width of g = 500 nm. 289 
 290 
2. Cooperatively enhanced strong coupling  291 
We demonstrated that the coupling rate exhibits a square-root dependence on the density of 292 
the MS unit cells, proving the collective interaction of an ensemble of dipoles. To extract 293 
more quantitative information from our data, we developed a model based on the light-294 
matter coupling theory and circuit network theory as follows. According to (39), the LM-295 
LSPR coupling strength Λ should be expressed as 296 

Λ>𝑔, 𝑝@ , 𝑝A@ = OB<=>?(C)D
!ℏF@F:;;(C)

G(C)

HIJKA,KBL
. (3) 297 

Here, we assume that Λ>𝑔, 𝑝@ , 𝑝A@ depends on the capacitive gap 𝑔, periods 𝑝@ and 𝑝A of 298 
the ring array. The LSPR (angular) frequency 𝜔#$%&(𝑔) depends on 𝑔. 𝑁 is the number of 299 
rings in the whole system. ℏ is the Planck constant. 𝜖" is the vacuum permittivity. 𝜖MNN(𝑔) =300 
𝑛MNN(𝑔)! is the relative permittivity for the SLR depending on the capacitive gap 𝑔. The 301 
SLR frequency is expressed as  302 

𝜔0,.>𝑔, 𝑝@ , 𝑝A@ =
O

8:;;(C)
!P

Q:;;JKA,KBL
. (4) 303 

Here, 𝑐 is the speed of light in the vacuum. 𝜆MNN>𝑝@ , 𝑝A@ = 𝑝 × 𝑛RSSis the effective 304 
wavelength of the SLR. In Eq. (3), 𝑑(𝑔) is the 𝑔-dependent transition dipole moment of 305 
each ring. 𝑉(𝑝@ , 𝑝A) = 𝑁𝑝@𝑝A𝑤 is the volume of the SLR, where 𝑤 is the effective width. 306 

On the other hand, in the context of the circuit network theory, the SRR is assumed 307 
to be equivalent to a resonant LC circuit model, where the split gap corresponds to the 308 
capacitive term “C” and the SRR loop corresponds to the inductive term “L”. 𝜔#$%&(𝑔) =309 
1/B𝐿𝐶#$%&	(𝑔) represents the LSPR frequency with the 𝑔-dependent capacitance 𝐶#%&(𝑔) 310 
relevant to the LSPR frequency [see the Supplementary Materials for details]. The SLR with 311 
frequency 𝜔$#& can also be treated as an LC circuit in the network theory. When the SLR 312 
and the LSPR ensemble are coupled capacitively (through a coupling capacitance 𝐶O), the 313 
coupling Hamiltonian is typically expressed as (40):  314 
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𝐻6)*' = ∑D6TU
VWXYC
ZD

. (5) 315 

Here, 𝑄=  is the operator of charge in the SLR circuit and 𝑞;6 is that in the 𝑗-th LSPR circuit. 316 
When we introduce annihilation (creation) operators of the SLR and 𝑗-th LSPR as 𝑎; (𝑎;/) 317 
and 𝛽[6 (𝛽[6

/), respectively, the charge operators are represented as  318 

𝑄= = O ℏ
![=<?

(𝑎;/ + 𝑎;),  (6) 319 

𝑞;6 = O ℏ
![<=>?

(𝛽[6
/ + 𝛽[6). (7) 320 

Here, 𝑍$#& and Z#$%& are the impedance of the SLR and LSPR circuits, respectively. The 321 
latter can be rewritten by the inductaince 𝐿, capacitance 𝐶#$%&, and 𝜔#$%& as 𝑍#$%& =322 
1/(𝜔#$%&𝐶#$%&). Thus, the coupling Hamiltonian in Eq. (5) can be rewritten as  323 

𝐻6)*' = ∑D6TU
ℏ
!ZD

OB<=>?Z<=>?
[=<?

(𝑎;/ + 𝑎;)(𝛽[6
/ + 𝛽[6). (8) 324 

𝐻6)*' =
ℏ
!ZD
OB<=>?Z<=>?D

[=<?
(𝑎;/ + 𝑎;)(𝑏=/ + 𝑏=). (9) 325 

Here, we defined the annihilation operator of the collective dipole excitation as  326 

𝑏= ≡ ∑D6TU
\]C
√D

. (10) 327 

 328 
Thus, the coupling strength is expressed as  329 

Λ = U
!ZD

OB<=>?Z<=>?D
[=<?

. (11) 330 

Comparing with Eq. (3), because 𝜖MNN and 𝑉 are parameters of the SLR, we can find that the 331 
transition dipole moment 𝑑(𝑔) in Eq. (3) should be proportional to B𝐶#$%&(𝑔). We consider 332 
that the total capacitance 𝐶_(𝑔) consists of 𝐶#$%&(𝑔) and others 𝐶`M=' as 𝐶_(𝑔) =333 
𝐶#$%&(𝑔) + 𝐶`M='. The transition dipole is then expressed as 334 

𝑑(𝑔) = 𝜂B𝐶#$%&(𝑔) = 𝜂B𝐶_(𝑔) − 𝐶`M='. (12) 335 
with a factor 𝜂. 336 
 337 
Using this relation between the transition dipole moment 𝑑(𝑔) and capacitance 𝐶a(𝑔) or 338 
𝐶#$%&(𝑔) derived from the circuit network theory, Eq. (3) is rewritten as 339 

bJC,KD(C),KD(C)L8:;;(C)

7Z<=>?(C)B<=>?(C)
= c

7!ℏF@d
B𝜌(𝑔). (13) 340 

In Fig. 3, we calculated the resonance frequencies of the whole system as functions of the 341 
periods 𝑝@ = 𝑝A for a fixed capacitive gap 𝑔. At each crossing point 𝑝@ = 𝑝A = 𝑝O(𝑔) 342 
giving 𝜔#$%&(𝑔) = 𝜔$#&(𝑔, 𝑝O(𝑔), 𝑝O(𝑔)), we got an anti-crossing (vacuum Rabi splitting) 343 
frequency Ω&(𝑔) = 2Λ>𝑔, 𝑝O(𝑔), 𝑝O(𝑔)@. We also got the effective refractive index 344 

𝑛MNN(𝑔) = B𝜖MNN(𝑔) by the gradient of the SLR frequency against 𝑝@ = 𝑝A through Eq. (4). 345 
The surface density 𝜌(𝑔) ≡ 1/𝑝O(𝑔)! at the crossing point is also determined. They are 346 
summarized in Table 1. Substituting Λ>𝑔, 𝑝O(𝑔), 𝑝O(𝑔)@ = Ω&(𝑔)/	2 and 𝐶#$%&(𝑔) =347 
𝐶_(𝑔) − 𝐶`M=' into Eq. (13) and introducing reference capacitance Cref =0.46 fF and 348 
reference frequency 𝜔eRS/2𝜋 =0.66 THz, we define a dimensionless coupling strength 349 
 350 

ΛG(𝑔) ≡ f?(C)8:;;(C)

!g
EF(G)HEI:JK

ELMN
B<=>?(C)BLMN

= 𝜂O
ZLMN

!ℏF@dBLMN
B𝜌(𝑔). (14) 351 
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In Fig. 4, we plotted the left-hand side of Eq. (14) as a function of density 𝜌(𝑔). One clearly 352 
notices that the data indeed exhibit a square-root dependence, evidencing the collective 353 
interaction of a dilute ensemble of dipoles (38). 354 

 355 
Conclusions  356 
We have demonstrated ultrastrong coupling in a free-standing single-layer THz MS at room 357 
temperature. This phenomenon manifests in the form of matter-matter coupling, involving 358 
the hybridization of localized surface plasmon resonance (LSPR) and surface lattice 359 
resonance (SLR) in an array of N artificial meta-atoms, namely SRRs. Driven by the inter 360 
meta-atom distance and judiciously assisted by a capacitive split-gap adjustment of the 361 
SRRs, the coupling rate was cooperatively enhanced into the ultrastrong coupling regime 362 
by a factor of √𝑁. This highly tunable room-temperature system can be viewed as a 363 
macroscopic quantum emulator of the dynamics of a single qubit with a giant dipole moment 364 
coherently driven by a single bosonic field. Moreover, one can envisage hybrid cavities, 365 
where the plasmon-plasmon polaritons additionally couple to fermionic material systems, 366 
such as quantum wells or superconductor qubits for potential quantum information 367 
processing. 368 
 369 
Materials and methods 370 
 371 
Numerical calculations were performed using the finite-difference time-domain (FDTD) 372 
method to predict the spectral response of the structure. In these calculations, the unit cell 373 
of the MS is illuminated at normal incidence, under a linearly TM-polarized wave (E || x-374 
axis). The incident light is a plane wave impinging from the substrate side. Due to the 375 
rotational symmetry imposed by the geometry of the design, the structure has an identical 376 
response for an incident TE-polarized radiation (i.e., E || y-axis). Periodic boundary 377 
conditions are applied to mimic a two-dimensional (2D) infinite structure. The length scale 378 
of the mesh was set to be less than or equal to λ0/10 throughout the simulation domain, 379 
where λ0 is the central wavelength of the incident radiation. The input and output ports are 380 
located at about 3λ0 from the MS with open boundary conditions. The polyimide film is 381 
treated as a dielectric with ε = 3.3 + i0.05, and the metallic Ag layer is modeled as a lossy 382 
metal with a conductivity of 4.1×107 S/m.  383 
 384 
Experimental prototypes with an active sample area of 1.5 cm × 1.5 cm were fabricated 385 
using standard photolithography and deposition of 100 nm of Ag with a 10 nm thick 386 
adhesive layer of chromium (Cr) on a flexible 50.8-µm-thick polyimide film followed by 387 
lift-off to remove the excess metal.  388 
 389 
Measurements are performed using a continuous-wave (CW) THz spectrometer (TeraScan 390 
1550 radiation source from Toptica) that produces a linearly polarized collimated terahertz 391 
beam with a spectral resolution < 2 GHz. In this system, the optical beat frequency of two 392 
distributed feedback (DFB) diode lasers is tuned to produce coherent THz waves between 393 
0 and 1.8 THz. The THz wave is detected by an InGaAs photoconductive antenna with 394 
phase-sensitive photocurrent acquisition. The transmission from each sample is calculated 395 
as T(ω) = PMS(ω) / Psub(ω), where PMS(ω) and Psub(ω) are the transmitted power spectra of 396 
the planar MS and substrate, respectively.  397 
 398 
 399 
 400 
 401 
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Supplementary Materials for 503 
Tunable Plasmon-Plasmon Ultrastrong Coupling: Emulating Dicke Physics at Room 504 

Temperature 505 
 506 
Equivalent circuit model  507 
 508 

Features of the fundamental localized surface plasmon resonance (LSPR) of the split ring 509 
resonator (SRR) can be understood by considering an equivalent circuit model, where the 510 
split gap can be regarded as a capacitor C, the SRR loop corresponds to the inductive term 511 
“L” and the resistance of the metal as a resistor R (Figure S1). The total impedance Z is 512 
given as follows: 513 
 514 

 𝑍 = R + 2π𝑖𝑓𝐿 + U
!h4SZ

                                              (1) 515 

The resonance occurs when the total impedance is minimized. Considering that the change  516 
of R in the THz range is relatively small, the resonance frequency is approximately 𝑓eRi ≈ 517 
1/>2π√𝐿𝐶@. The analytical expression for the total capacitance 𝐶 consists of the gap 𝐶CjK  518 
and surface capacitances 𝐶ikeS. If the gap is narrow its capacitance can be written as 519 
 520 

𝐶CjK = 𝜀"
lB
C
+ 𝐶"                                                          (2) 521 

 522 
where e0 is the free-space permittivity. The first term on the right-hand side is the usual  523 
expression for the parallel-plate capacitor formed by the gap and the second term is a  524 
correction due to the fringing fields. 𝐶" is calculated as follows: 525 

𝐶" = 𝜀"(ℎ + 𝑤 + 𝑔)                                                          (2) 526 
 527 

 528 
Figure S1. Circuit modelling of the split ring resonator unit cell. 529 

 530 
The surface capacitance per unit height is determined as following. In the vicinity of a small 531 
gap, Rg, the split ring will look like that shown in Fig. S1. The surfaces of the split ring can 532 
be presented by two planes along the x-axis. Assuming the planes to be infinitely long and 533 
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infinitely thin, the problem is reduced to that of 2D electrostatics. The complex electric field 534 
E(x,y) = Ex + iEy can be then found using conformal mapping as (1):  535 
 536 

𝐸 = !I@
CP
h1 − i!m

C
j
!
k
<U/!llllllllllllllllllll

                                                  (3) 537 

 538 
where z = x + iy; i is the complex unity, and the bar means complex conjugation. The electric 539 
field lines are ellipses as shown schematically in Fig. S2. The surface charge density is 540 
proportional to the y-component of the electric field in the plane x = 0. 541 
 542 
 543 

𝜎 = op@I@
CP

U

Hq!BG r
!
<U

                                                  (4) 544 

The linear charge density is then  545 
 546 

𝜆 = ∫ 𝜎 𝑑𝑦 =s
C/!

!p@I@
P ∫ GA

7A!<U
s
U 	                                              (5) 547 

 548 
This integral does not converge at infinity; its upper limit should be changed to a large but 549 
finite number. Since we assumed that R≫g, it is natural to take R/g as the upper limit 550 
 551 

𝜆 = !p@I@
P ∫ GA

7A!<U
./C
U = !p@I@

P
log o.

C
	                                              (6) 552 

The total charge q is found by multiplying l by (ℎ + 𝑤). The surface capacitance is then  553 
 554 

𝐶ikeS =
X
I@
= !p@(l:d)

P
log o.

C
	                                              (7) 555 

 556 
The total capacitance is therefore the sum of the gap and surface capacitances, 𝐶a = 𝐶CjK +557 

𝐶ikeS. Because 𝐶a is inversely proportional to the gap width g, we obtain 𝑓eRi ∝ B𝑔. 558 
 559 
The inductance of the ring is calculated as follows (2, 3):  560 
 561 

𝐿 = 𝜇"𝑅t ilog
u.O
l:d

− U
!
	j                                           (8) 562 

  563 
where Rm=R + w/2 and e0 is the free-space permeability. For the 35-µm-gap case, L = 564 
0.91´10-10 H and CT = 0.617 fF reproduce the resonance frequency of 0.67 THz, which is 565 
very close to the simulated and experimentally measured one. 566 

 567 
Figure S2. In the vicinity of the gap, the split ring looks like two semiplanes. The surface 568 
charge can be found using conformal mapping. 569 
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