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Abstract 

In the regime of deep strong light-matter coupling, the coupling strength exceeds the materials 

transition energies1–3. This fundamentally changes materials properties4,5: For example, the 

ground state of the system contains virtual photons and the internal electromagnetic field gets 

redistributed by the photon self interaction1,6. So far, no electronic excitation of a material has 

shown such strong coupling to free-space photons. Here we show that three-dimensional crystals 

of plasmonic nanoparticles are materials with deep strong coupling under ambient conditions, if 

the particles are ten times larger than the interparticle gaps. The experimental Rabi frequencies 

(1.9 − 3.3 eV) of face-centered cubic crystals of 25 − 60 nm gold nanoparticles exceed their 

plasmon energy by up to 180%. We show that the continuum of photons and plasmons hybridize 

into polaritons that violate the rotating-wave approximation. The coupling leads to a breakdown 

of the Purcell effect and increases the radiative polariton lifetime. We envision metallic and 

semiconducting nanoparticles as building blocks for an entire class of materials with extreme 

light-matter interaction. They will have applications in nonlinear optics, the search for 

cooperative effects and novel ground states, polariton chemistry, and quantum technology4,5. 
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Light is usually understood as an external perturbation to materials; electromagnetic modes 

are neglected in materials modeling. This approach works well in most cases, because the 

interaction of light and materials is weak. With increasing light-matter interaction, however, we 

reach a regime where the electromagnetic states fundamentally change the physical and chemical 

properties of a material4,5,7. The interaction may be quantified by the Rabi frequency ΩR that 

measures how a two-level system periodically exchanges energy with a photon field4,5. Quantum 

optics defines distinct coupling regimes depending on how ΩR compares to the transition 

frequency and lifetime. The classification highlights the relative contributions to light-matter 

coupling4,5: When ΩR becomes comparable to the transition frequency ωe (ultrastrong coupling, 

ΩR ≥ 0.1ωe), the counter-rotating terms of the light-matter Hamiltonian become sizable, creating 

virtual excitations in the system ground state1,6,8. In the ultimate limit of light-matter coupling 

the interaction frequency ΩR exceeds the energy of the excited state ωe
4,5. In this deep strong 

coupling regime light and matter are expected to decouple due to the self-interaction energy of 

the photons, which leads to a breakdown of the Purcell effect6. Surprisingly, the regime of deep 

strong coupling is perturbative, although with switched roles compared to weak coupling: Light-

matter interaction dominates the energy scale and the material excitations are reduced to 

perturbations9. Light-matter coupling proceeds through the vacuum fluctuations of the 

electromagnetic field, which means that in the deep strong coupling regime high-field processes 

of non-linear optics will occur at low photon flux with unit efficiency10. Novel non-linear 

processes are expected, for example, the collective emission of a single photon by multiple 

atoms11. Deep strong coupling modifies the rate of chemical reactions and reaction coordinates7,12. 

Another exciting application is quantum information processing that may use new protocols, e.g., 

for ultra-fast quantum computation and protected qubits5,13,14. 

Ultrastrong and deep strong light-matter coupling have been realized on various molecular 

and solid-state platforms4,5. The coupling regime where the counter-rotating and diamagnetic 

terms become dominant (ΩR ≥ 0.5ωe), however, has been restricted to Landau states and 

superconducting circuits4,5. With few exceptions15, their Rabi splitting was on the order of µeV 

to meV and only emerged at cryogenic temperatures. Such devices couple discrete photonic and 

materials states. Although the deep strong coupling of an artificial atom to an electromagnetic 

continuum was realized recently16, a system that couples a continuum of materials excitations to 

free-space photons in the strongest regimes remains missing. Continuous systems will expand 

the realm and applicability of deep strong light-matter coupling, for example, for broadband 

cloaking and to replace dielectric metamaterials17,18. 
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Here we propose and realize three-dimensional crystals of plasmonic nanoparticles as 

materials for deep strong light-matter coupling under ambient conditions. The collective 

transverse plasmon mode of the crystal hybridizes with the continuum of photonic states into 

three-dimensional polaritons with ΩR approaching twice the plasmon frequency. 

 

PLASMON POLARITONS IN NANOPARTICLE CRYSTALS 

Metal nanoparticles absorb and scatter light through their localized surface plasmons, the 

collective oscillation of free electrons19,20. Their high oscillator strength makes them excellent 

building blocks for materials that strongly interact with light21–23. In an artificial crystal of metal 

nanoparticles, Fig. 1a, the dipole plasmons ωNP couple through Coulomb interaction, creating a 

continuum of collective plasmonic states22,24, Methods and Extended Data Fig. 1. We introduce 

retardation through a propagating light field ωpt(k), where k is the wave vector. ωpt(k) couples 

to the transverse plasmon 𝜔!"# (k)12,21,24, which is a unique state in nanoparticle crystals without a 

counterpart in bulk metals. Within a quantum mechanical formalism, the interaction may be 

described by a Hopfield Hamiltonian that yields hybridized light-matter polariton states ωpp(k)25, 

Fig. 1b, 

𝜔!!$ (𝐤) − 𝜔!!% (𝐤)&𝜔!#% (𝐤) + 𝜔!"% (𝐤) + 4Ω&% * + 𝜔!#% (𝐤)𝜔!"% (𝐤) = 0,        (1) 

where we abbreviated 𝜔!"#  = ωpl. ωpt = c|k|/neff, c is the speed of light in vacuum and neff the mean 

index of refraction if we replace the metal by vacuum, see Supplementary Table S1. An 

alternative approach models the plasmonic crystal through a classical oscillator with a giant 

oscillator strength, see Methods. 

 

FIG. 1. Plasmon polaritons in metal nanoparticle fcc crystals. (a) fcc crystal of plasmonic nanoparticles 

with diameter d = 10 − 100 nm. (b) Plasmon-polariton dispersion (black lines) along ΓL for a Drude metal 

and d = 30 nm and a = 2 nm. The orange line shows the transverse plasmon 𝜔!"
# (k) and the blue line the 

photon dispersion ωpt(k). Light-matter coupling results in a level anticrossing with a large Rabi frequency 

ΩR = 1.4𝜔!"
# . (c) Normalized coupling strength η = ΩR/𝜔!"

#  as a function of d and a within the point-dipole 

approximation for a Drude metal (blue) and from FDTD simulations of gold (dots, the dashed line is a 

guide to the eye), εm = 1.96, see Methods and Supplementary Table S1. 
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The polariton dispersion consists of an upper and a lower branch arising from an anti-crossing 

of the photon and plasmon dispersions, Fig 1b. We calculate the Rabi splitting 2ΩR between the 

two branches with a microscopic model, see Methods. For a face centered cubic (fcc) 

nanoparticle crystal with particle diameters d = 30 nm and interparticle gaps a = 2 nm, light-

matter interaction results in a giant Rabi splitting, Fig 1b. The normalized coupling constant η = 

ΩR/𝜔!"#  = 1.4 is clearly in the deep strong regime. η depends on the packing density and crystal 

structure. For an fcc crystal of spherical nanoparticles we obtain an expression for η that depends 

on d and a, Fig. 1c and Methods. The function agrees very well with numerical simulations of η 

using the experimental dielectric function of gold, dots in Fig. 1c. Fcc crystals of gold 

nanoparticles enter the deep strong coupling regime for a/d < 0.1. Prior fabrication protocols for 

plasmonic nanoparticle crystals were restricted to small crystallites26,27 or low packing densities 

(a/d ≫ 0.1)23,28–30, which has prevented the observation of deep strong coupling in such crystals. 

 

GOLD NANOPARTICLE CRYSTALS 

We synthesized densely packed fcc crystals of large gold nanoparticles (d = 25 − 59 nm) with 

small gaps (a ≈ 1 − 4 nm) using polystyrene as the nanoparticle ligand, see Methods. Polystyrene-

stabilized nanoparticles assemble into hexagonally packed monolayers at a liquid-liquid interface, 

Fig. 2a31–33. By reducing the reaction rate during self-assembly and increasing the nanoparticle 

concentration we synthesized nanoparticle fcc crystals, Fig. 2b and c. Scanning electron 

microscopy (SEM) images show micron-sized crystals with little imperfection and excellent 

three-dimensional order, Fig. 2 and Extended Data Fig. 2. We found the number of crystal layers 

N via optical microscopy in transmission for N ≤ 5, Fig. 2d, and by counting the scattering edges 

in dark-field images for thicker crystals, Fig. 2e33,34. 

The optical response of the nanoparticle crystals demonstrates the presence of plasmon 

polaritons with deep strong light-matter coupling, Fig. 3. A series of polariton peaks stems from 

the absorption of photons in the infrared and lower visible energy range (< 1.7 eV), Fig. 3a, 

before light gets reflected above the polariton band edge (> 1.7 eV), Fig. 3c. At 2.3 eV the 

interband transitions of gold set in and absorb any incoming light19,20. To quantify light-matter 

coupling, we extract the polariton dispersion from the optical spectra. The extrema in the spectra 

arise from open cavity boundary conditions, Fig. 3b. Each determines a pair of polariton 

frequency ωpp and wavelength λpp, see Methods. The measured lower polariton branches of five 

nanoparticle crystals with d = 25 − 59 nm, dots in Fig. 3d, show the characteristic bending for 

large η. We fit the dispersions using the Hopfield Hamiltonian treating ΩR and 𝜔!"#  as free 

parameters, lines in Fig. 3d. Four of the five nanoparticle crystals are well in the deep strong 
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coupling regime η > 1, see Table I. The upper polariton branches are inaccessible optically, 

because they start above the onset of the gold interband transitions, see 𝜔!""  in Table I. This 

branch should be observable in aluminium nanoparticle crystals using ultraviolet excitation, 

Extended Data Fig. 3. 

 

FIG. 2. Synthesis of gold nanoparticle crystals. (a) TEM image of a nanoparticle monolayer and Fourier 

transformed image as inset. (b) SEM image of a crystal with size > 6 µm. (c) Edge view of a nanoparticle 

crystal showing two (111) faces of fcc. (d) Transmission optical microscopy image of N = 2 − 5 

nanoparticle layers, see labels. (e) Dark field microscopy image up to N = 23. The bright lines are layer 

edges that scatter light. The scale bars are (a) 200 nm, (b) 1 µm, (c) 200 nm, and (d,e) 10 µm. Panels (a)-

(c) show crystals with d = 59 nm, (d) and (e) d = 30 nm. 

 

Deep strong coupling in plasmonic nanoparticle crystals stands out by its exceptional 

normalized coupling strength and the large absolute values of the Rabi frequency, Fig. 3e. The 

highest normalized coupling (1.83) for the 59 nm nanoparticles greatly exceeds the values 

reported in optimized systems of Landau polaritons (1.43)2 and superconducting circuits (1.34)3. 

The large absolute Rabi frequency ensures that our system is simultaneously in the deep strong 

(ΩR > 𝜔!"# ) and the strong coupling regime, i.e., ΩR exceeds any losses in the material35. We 

estimate the cooperativity factor as C ≈ 4Ω&%/𝛾!!%  = 5,500 from the width of the polariton peaks 

ℏγpp = 90 meV (d = 59 nm, see below)5,8. The Rabi frequency may be tailored by varying the 

crystal parameters, which let us realize η = 0.95 − 1.83. A further increase in packing density will 
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push the coupling towards the upper bound η = 2.2 predicted in Fig. 1c. Exceeding this limit will 

be possible by changing the dielectric background, optimizing the oscillator strength per 

nanoparticle, and perhaps by using other crystal structures. 

 

 

FIG. 3. Deep strong light-matter coupling in nanoparticle crystals. (a) Absorption spectra of the 30 

nm gold nanoparticle crystal for two to six layers, offset by 25% increments. The peaks correspond to 

standing waves inside the crystal as sketched in (b). (c) Reflectance as a function of excitation energy and 

layer number. Dashed lines and labels indicate j = 2h/λpp. The onsets of the polaritonic stop band and the 

interband transitions are highlighted by grey dashed lines. (d) Measured lower polariton branch for 

crystals with d = 25 nm – orange dots, 30 nm – black, 41 nm – blue, 46 nm – yellow, and 59 nm – pink. 

The solid lines are fits with Eq. (1) assuming that the coupling strength is constant with layer number, see 

discussion in Methods; Table I lists the fitting parameters. (e) Comparison of η and ΩR measured in this 

work (dots) and superconducting circuits (hexagons), Landau polaritons (diamonds), intersubband 

polaritons (triangles), and organic molecules (squares) taken from the studies in Table 1 of Ref. 4. The 

horizontal dashed line marks the onset of deep strong light-matter coupling; the vertical dashed line shows 

the thermal energy at room temperature. 

 

Light-matter coupling strongly reduces the phase vph and group velocity of light vgr inside the 

nanoparticle crystal, Table I. The reduction in wavelength by an order of magnitude implies an 

enhancement of 103 for dipole and 105 for quadrupole transitions that get excited by the polariton 

near-field compared to far-field excitation36. Crystals with embedded molecules may show 

forbidden transitions through the shrinking of light36. Group and phase velocity in the crystals 
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depend sensitively on d, a, and εm, making them a potential material for manipulating light at the 

nanoscale. They may borrow concepts from photonic crystals and realize them with a smaller 

footprint due to the drastically reduced wavelength18.  

 

TABLE I. Measured light-matter coupling 

d (nm) a (nm) η ΩR (eV) 𝜔!"
#  (eV) 𝜔!"

"  (eV) λpp (0.8𝛤𝐿$$$$) (nm) vph/c vgr/c 

25 3 0.95 1.94 2.05 4.39 58 0.09 3·10-3 

30 4 1.34 2.72 2.04 5.80 69 0.11 9·10-3 

41 3 1.31 2.57 1.96 5.49 90 0.13 1.7·10-2 

46 2 1.4 2.5 1.8 5.4 100 0.1 2·10-2 

59 1 1.83 3.35 1.83 6.94 123 0.14 4.7·10-2 

Rabi frequency ΩR, transverse plasmon frequency 𝜔!"
# , and normalized coupling strength η 

measured on five nanoparticle crystals. d and a were estimated from TEM images. 𝜔!"
"  is the 

longitudinal plasmon frequency calculated from the fits. The table lists the wavelength λpp at k = 

0.8𝛤𝐿$$$$ together with the phase velocity vph/c = λpp/λ0 (λ0 is the light wavelength in vacuum) and 

group velocity vgr/c = 1/c · ∂ωpp/∂k at this wavelength. The uncertainty is in the last digit. 

 

PURCELL EFFECT IN DEEP STRONG COUPLING 

Among the novel effects that have been predicted for deep strong light-matter coupling is the 

breakdown of the Purcell effect6. The Purcell effect states that radiative damping increases 

through light-matter coupling, γrad ∝ Ω&%  for ΩR ≪ ωe (here, 𝜔!"# )37,38. It plays a key role in 

engineering optical emission, e.g., for near-field enhanced spectroscopy, non-linear optics, and 

lasing7. The Hopfield Hamiltonian gives insight into which terms of light-matter coupling 

decrease the radiative damping for η > 16. To demonstrate this, we first analyse the contribution 

of the counter-rotating terms and the photon self-interaction energy to the polariton dispersion4,5. 

A two-mode version of the Hopfield Hamiltonian reads25, see Supplementary Information, 

ℋ = ℏ𝜔!#(𝑘)𝑎7'(𝑘)𝑎7(𝑘) + ℏ𝜔!"# (𝑘)𝑏9'(𝑘)𝑏9(𝑘) +ℋ()# +ℋ*$,   (2) 

with the interaction Hamiltonian 

ℋ()# = 𝑖ℏΩ&;+%&' (-)
+%'(-)

	 [𝑎7'(−𝑘) + 𝑎7(𝑘)]&𝑏9(−𝑘) − 𝑏9'(𝑘)*,             (3) 

and the photon self-interaction (A2 term) 

ℋ*$ = ℏ0($
+%'(-)

	[𝑎7'(−𝑘) + 𝑎7(𝑘)][𝑎7'(𝑘) + 𝑎7(−𝑘)].          (4) 
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â†(k) and â(k) are creation and annihilation operators of a photon ωpt(k) = ck/neff and 𝑏9'(𝑘) and 

𝑏9'(𝑘)  of the collective transverse plasmon 𝜔!"# (k) (taken as constant). A fit with the full 

Hamiltonian excellently describes the measurements, Figs. 3d and 4a. When forcing all counter-

rotating terms – 𝑎7'𝑏9' , 𝑎7𝑏9, 𝑎7'𝑎7', and 𝑎7𝑎7 – to zero, the polariton energy becomes finite for k → 

0 and increases by the vacuum Bloch-Siegert shift |∆VBS| = 100 − 900 meV, orange line in Fig. 

4a and Extended Data Fig. 4a8. Even when treating ΩR and 𝜔!"#  as free parameters, it was 

impossible to fit the data with a dispersion that neglects the counter-rotating contributions, see 

Extended Data Fig. 4b: The best fit produces optical resonances, orange arrows in Fig. 4b, that 

disagree strongly with the measured peak positions. We obtain similar disagreement, Fig. 4a and 

b, without the A2 term (Dicke model, pink line) and for the rotating-wave approximation (RWA, 

blue). The counter-rotating contributions to light-matter coupling populate the system ground 

state with virtual excitations1. The population exceeds unity for small wave vectors, Extended 

Data Fig. 5. The virtual photons may be converted into real states when turning off light-matter 

coupling non-adiabatically1,4,39. 

 

 

FIG. 4. Counter-rotating and photon self-interaction terms in deep strong coupling. (a) Black line - 

polariton dispersion (d = 59 nm) with the Hopfield model, orange - without the counter-rotating 

contributions, pink - Dicke model, and blue - RWA that neglects both the counter-rotating and the A2 

terms. The arrow indicates the vacuum Bloch-Siegert shift (∆VBS = 510 meV) under resonance conditions 

ωpt = 𝜔!"
# . The dashed lines are the bare photon and plasmon dispersion. (b) Absorption spectrum for d = 

59 nm compared to the peak positions predicted within the Hopfield model (black arrows), without 

counter-rotating contributions (orange), the Dicke model (pink), and RWA (blue). The predictions were 

made from the best fits of the models to the experimental data, Extended Data Fig. 4b. (c) Increase in 

intensity and decrease in line width of the absorption peak due to the A2 term. Absorption spectra and fit 

to the j = 2 peak for 300 nm thick crystals of d = 59 nm (black line, FWHM of 90 meV), d = 30 nm (blue, 

132 meV), and d = 25 nm (red, 160 meV) nanoparticles. Inset: Symbols show the radiative damping γrad 

obtained after subtracting an intrinsic contribution ℏγi = 70 meV (gold, 1 eV, see Methods). The line is 

the behavior predicted for γi = γNP = 0.1𝜔!"
#  (γNP is the radiative line width of an isolated nanoparticle)6. 
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The Purcell effect depends on the density of electromagnetic states and their spatial overlap 

with the excited material states6,37. The strong dielectric contrast of metals and dielectrics 

confines the electric field to the particle gaps for ωpt < 𝜔!"# . To minimize the large photon self-

interaction energy, the A2 term rearranges the electric field and partly pushes it into the metal6. 

This shifts the plasmon resonance to higher energies preventing the superradiant phase transition 

expected within the Dicke model4,5. Most strikingly, we observe a decrease in radiative damping, 

which follows the scaling predicted from the breakdown of the Purcell effect6, Fig. 4c. The full 

width at half maximum (FWHM) of the polariton peak decreased by a factor of two when 

increasing η from 0.95 to 1.83. The drop in emission is accompanied by a raise in integrated 

absorption intensity (10%, Fig. 4c) due to the stronger overlap between the electric field and the 

metal electrons. The calculated optical transmission fully captures this counter-intuitive behavior, 

showing an increasing polariton absorption combined with a narrowing line width in the lower 

polariton branch, Extended Data Fig. 6. The Purcell effect in plasmonic nanoparticle crystals 

depends on polariton wave vector, plasmon energy, and crystal thickness in addition to the Rabi 

frequency, which opens ways to engineer the radiative decay for a target application. 

 

DISCUSSION 

Deep strong light-matter coupling emerged naturally for the transverse plasmon in fcc 

nanoparticle crystals with record-high normalized coupling strength. The large Rabi frequency 

made the phenomena robust against thermal excitation and polaritons observable at room 

temperature. Quantum optics sets an inspiring framework to understand the properties of 

plasmonic crystals; the theory predicts physical phenomena like the vanishing Purcell effect and 

quantum effects like squeezed light and virtual excitations, Extended Data Fig. 5 and Ref. 40. A 

classical way for modeling the optical properties of the crystals is as an artificial material with a 

giant oscillator strength f > 10, see Methods. Nanoparticle crystals are a versatile platform for 

engineering light-matter interaction. They may be synthesized from nanoparticles of various 

shape, other metals, and doped semiconductors. Mixed crystals of metals and quantum dots will 

simultaneously couple excitons and plasmons to photons. Embedding molecules in a material 

with deep strong coupling will tailor their excited state dynamics and may realize vibrational 

strong coupling. The potential applications of our work range from fundamental studies of 

quantum electrodynamics over quantum technologies, nanophotonics, and non-linear optics to 

analytics in chemistry and life sciences. 
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METHODS 

Synthesis of gold nanoparticle crystals 

Gold nanoparticles with diameters d = 30, 41, and 46 nm were synthesized with the seeded 

growth protocol by Bastús et al.41 and functionalized with thiol-terminated polystyrene (Mn = 

5,300 g/mol, Polymer Source, Montral, Canada) using a phase-transfer protocol that some of us 

presented recently31. Gold nanoparticles with d = 25 and 59 nm were synthesized with the seeded 

growth protocol by Zheng et al.42 scaled up by a factor of ten. 10 ml of the CTAC 

(cetyltrimethylammonium chloride)-stabilized nanoparticles in water were purified and 

concentrated by repeated centrifugation (d = 25 nm: 5,000 g × 12 min, 59 nm: 2,000 g × 12 min) 

to 100 µl and injected into a solution of thiol-terminated polystyrene (25 nm: Mn = 5,300 g/mol, 

59 nm: Mn = 11,500 g/mol, Polymer Source, Montreal, Canada) in tetrahydrofuran (0.5 mM, 2 

ml). After reaction overnight, the solvent was removed under reduced pressure in a rotary 

evaporator, the residue solved in 2.0 ml toluene, purified, and concentrated to 30 nM (25 nm) 

and 1.4 nM (59 nm) gold nanoparticle concentration by repeated centrifugation. 

The synthesis of the gold nanoparticle crystals was performed with the method described by 

Murray and co-workers43: Self-assembly during evaporation of toluene on a liquid subphase, 

namely 300 µl diethylene glycol. The self-assembly was carried out in small wells (high density 

polyethylene, HDPE) that were covered with glass slides. We used 300 µl of 30 nm (3.5 nM) and 

41 nm (0.3 nM) gold nanoparticles in toluene, 250 µl of 46 nm nanoparticles (2.1 nM) and 100 

µl of 25 nm (30 nM) and 59 nm nanoparticles (1.4 nM). After complete evaporation of the solvent 

(usually after 24-48 h) the formed crystals were carefully skimmed off with carbon coated TEM 

grids for TEM characterization or transferred on glass slides (0.13 − 0.16 mm thickness, Carl 

Roth, Germany) for optical spectroscopy. 

 

Electron microscopy 

Transmission (TEM) and scanning electron microscopy (SEM) were carried out to 

characterize the samples on various length scales. TEM measurements were performed using a 

Jeol JEM-1011 instrument operating at 100 kV. The particle diameters and nearest neighbour 

distances were determined with the software Image J 1.50i. Extended Data Figure 7 shows an 

exemplary analysis for a monolayer of d = 59 nm nanoparticles. The nanoparticle diameters as 

determined by TEM were 59 ± 2 nm, which was obtained by analyzing NNP = 216 particles. For 

the other particles we obtained 25 nm – 25 ± 1 nm (NNP = 366), 30 nm nanoparticles – 30 ± 3 nm 

(NNP = 455), 41 nm nanoparticles – 41 ± 3 nm (NNP = 651), and 46 nm nanoparticles – 46 ± 4 nm 

(NNP = 228). The interparticle distances were found from a nearest neighbour analysis, yielding 
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a = 3 nm for the 25 nm nanoparticles, 4 nm for 30 nm, 3 nm for 41 nm, 2 nm for 46 nm, and 1 

nm for 59 nm nanoparticles. The accuracy of a is limited by variations in diameter and deviations 

of the shape from the ideal sphere. The interparticle distance a was evaluated for nanoparticle 

monolayers; distances may vary for thicker slabs, which we will study by scattering techniques 

in future. 

SEM images of the nanoparticle crystal were taken with a Pioneer Two system from Raith. 

We used an acceleration voltage of 7 kV and set the aperture size to 7.5 µm. The working distance 

was adjusted to 6.7 mm. To detect the ejected electrons a standard secondary electron detector 

was used. The images were recorded on TEM grids, which were attached to a silicon substrate 

with silver glue. 

 

Optical microscopy and spectroscopy 

We used optical microscopy to assess the quality of the synthesized crystals and as a pre- 

characterization tool for spectroscopy. Measuring the polariton spectra and dispersions in Fig. 3 

required precise control over the number of stacked layers. We identified sample areas with step-

wise increasing thickness that were ideal for our measurements. For thin crystals of less than six 

layers, we determined the thickness from the optical contrast in transmittance (Fig. 2d). For 

thicker crystals, we used the scattering of light from the layer edges to count the number of 

stacked layers. These were visible as lines in optical reflectance and dark-field images (Fig. 2e). 

We identified sample areas with step-wise increasing height up to h = 23 layers = 0.60 µm in a d 

= 30 nm and h = 17 layers = 0.84 µm in a d = 59 nm crystal. The samples also contained much 

thicker crystals, but we needed an accurate measure of h to determine the polariton dispersion. 

The optical spectra of gold nanoparticle crystals were measured with a micro-absorbance 

spectrometer. For a detailed description of the setup we refer to Ref. 33. A supercontinuum laser 

(Fianium, SC-400-4) acts as the light source over a broad spectral range (450 - 2400 nm). An 

optical microscope (Olympus, IX71) with home-made modifications focused the light onto the 

sample with a Leica HCX PL Fluotar 100× objective (NA = 0.9). Note that due to the large index 

of refraction of the nanoparticle crystals npp = 4 − 10 (see Table I), the effective NA inside the 

material NAeff = NA/npp ranges from NAeff = 0.09 − 0.23. The sample position was changed with 

a motorized xy stage combined with a piezo stage (PI, P-542.2CD). The position of the laser spot 

on the sample was identified with a microscope camera in transmission or reflection. The laser 

power at the sample was kept below 100 µW. 

The transmitted light was collected with an Olympus MPlan FL N BD 100× objective (NA = 

0.9). An optical fibre (Ocean Optics, QP600-2-UV-BX for 450-900 nm and BIF600- VIS-NIR 
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for 900-1600 nm) was used to guide the light to a spectrometer (Avantes, AvaSpec 3648 for 450-

900 nm and AvaSpec NIR512 for 900-1600 nm), where it was dispersed and detected. As a 

reference for the transmission spectra we used the transmittance through the substrate at a place 

without nanoparticle crystals. The reflected light was separated from the incoming light by a 

beam splitter (ThorLabs, BSW26R for 450-900 nm and BSW29R for 900-1600 nm) and detected 

with the same fibres and spectrometers as for the transmitted light. The reflections from a silver 

mirror (Thorlabs, PF10-03-P01) served as a reference for the reflection measurements. The 

transmittance T and reflectance R spectra of the two spectral ranges were pinned together and the 

absorbance was calculated as A = 100%−T −R. 

The absorption spectra were fit with a cubic background and a series of Lorentzians to obtain 

the polariton frequencies. The crystal forms an open cavity for polaritons creating standing waves 

with wavelength λpp = 2h/j, where j is integer, Fig. 3b21–23,33. The wave vectors in units of the ΓL 

distance are given by kpp = 2π/λpp = (j/N)	𝛤𝐿AAAA , where N is the layer number. In Fig. 3c we 

highlighted polaritons with j = 1 − 6 that were used to relate the measured polariton energy with 

its wavelength λpp. That way we obtained the experimental polariton dispersions, shown as data 

points in Fig. 3d. 

 

Finite-difference time-domain simulations 

We used the commercial finite-difference time-domain (FDTD) simulation package 

Lumerical FDTD solutions. We constructed the unit cell of a hexagonally close packed 

monolayer of metallic nanoparticles with diameters d, interparticle gap sizes a, and periodic 

boundary conditions along x and y. To obtain thin slabs of an fcc crystal we stacked nanoparticle 

layers along z in an abc stacking.  

We used a mesh-override region with 0.5 nm mesh size for a > 1.5 nm and a/3 mesh size for 

smaller gaps. The gold nanoparticles were modeled with the experimental dielectric function of 

gold from Ref. 44. For simulations within the Drude model we used the dielectric function 

𝜀(𝜔) = 1 − 𝜔!%/(𝜔% + 𝑖𝜔𝛾!)	with ℏωp = 9.07 eV and ℏγp = 40 meV. We modeled the 

surrounding medium with a dielectric constant of εm = 1.96 mimicking the experiment where the 

gold nanoparticles are surrounded with polystyrene molecules33. 

To calculate the optical response of the crystal slab, we illuminated the structure with a 

broadband plane electromagnetic wave source along z with linear polarization along x. We 

verified that the direction of polarization in the xy plane has no influence on the calculated far-

field spectra. The transmitted T and reflected R light were recorded with two-dimensional 

frequency-domain power monitors and the absorbance was calculated as A = 100% − T − R. 
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We calculated the normalized coupling strength for gold nanoparticle crystals in Fig. 1c from 

simulated absorbance spectra of gold nanoparticle films that consisted of six nanoparticle layers, 

see Extended Data Fig. 8. To simulate crystals with different coupling strength η, we either varied 

the nanoparticle diameters d = 10 − 100 nm for fixed a = 2 nm, or varied the gap size a = 1 − 20 

nm for fixed d = 50 nm. The simulated absorption spectra were analysed as described for the 

experimental data to obtain the simulated polariton dispersion. For spectra in which the 

absorbance peaks strongly overlapped we analyzed the internal current distribution as explained 

in Ref. 33. The polariton energies and wavelengths yield the polariton dispersions that are shown 

in Extended Data Fig. 8 as data points. We find the normalized coupling strength η = ΩR/𝜔!"#  

from a fit with the Hopfield model in Eq. (1). The resulting η are the data points shown in Fig. 

1c. 

 

The Hopfield and the Lorentz model 

The Hopfield model introduced with Eq. (1) represents a quantum mechanical formalism to 

describe the interaction of light and a material excitation. An alternative approach models the 

excitations through a classical Lorentz oscillator (or a series of oscillators). The Lorentz model 

yields a dielectric function that is specified by the excitation frequency ωpl, its line width γ and 

reduced oscillator strength f, and the high-frequency dielectric constant ε∞ 

𝜀1(𝜔) = 𝜀2 + 𝑓 +%&$

+%&$ 3+$3(4+
.     (5) 

This is exactly the dielectric function of the Hopfield model εH(ω) as is obtained by substituting 

the dispersion relations c2|k|2 = εH 𝜔!!%  for the polariton and c2|k|2 = 𝑛566% 𝜔!#%  for the photon into 

Eq. (1) and setting ω ≡ ωpp
24,25. We include intrinsic losses by a complex frequency component 

iγω. 

Comparing the two dielectric functions εL and εH let us identify 𝑓 = 4𝑛566% Ω&%/𝜔!"% = 4𝑛566% 𝜂% 

and 𝜀2 =	𝑛566% . The reduced coupling strength is related to the oscillator strength of the 

transition. This useful connection simplifies a screening for materials and metamaterials in the 

ultrastrong and deep strong coupling regime. For example, excitons in semiconductors have 

typically f ≈ 10−4 − 10−3 (Ref. 45); ZnO as a semiconductor with very high oscillator strength 

reaches f = 0.0146. Plasmonic metamaterials modeled within the effective medium theory have 

much higher oscillator strength, e.g., f = 2.7 in Ref. 47. However, all materials fell at least an 

order of magnitude short of the maximum f = 16.6 observed by us. 

The dielectric function allows to calculate transmission and reflection spectra for thin slabs of 

plasmonic crystals that fully reproduce our optical spectra. The plasmonic crystal can be treated 
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as an open cavity where radiative damping occurs through cavity losses22, in addition to the 

intrinsic loss γ. To calculate the optical spectra we treat the plasmonic crystal as a metamaterial 

of effective thickness h with dielectric function εL(ω) [or εH(ω)] and permeability µpp = 1. The 

optical transmittance and reflectance are then given at normal incidence by48 

𝑇 = H $)%%5)*+%%,/.

789)%%:
$3783)%%:

$5$)*+%%,/.
H%,      (6) 

and 

𝑅 = J 783)%%$ :;835$)*+%%,/.<
789)%%:

$3783)%%:
$5$)*+%%,/.

J%,      (7) 

where npp = √𝜀1  = √𝜀= . The model was used to calculate the optical absorption spectra in 

Extended Data Fig. 7 as A = 100% − T − R. 

While the Hopfield and the Lorentz model are equally suited to describe our experimental 

observations, the Hopfield Hamiltonian gives insight into the physical processes of light-matter 

coupling that the Lorentz model lacks25. For example, the Hopfield Hamiltonian allows to 

calculate the light and matter fraction of polaritons, the ground state energy of the system, and 

the population with virtual excitations1. It also sets the framework for studying quantum effects 

in nanoparticle crystals, e.g., squeezed light, polariton condensation, and the generation of 

correlated photons from the quantum vacuum1,4,7,39,40. 

Microscopic model for the collective plasmons 

The plasmon polaritons of the nanoparticle crystals in Fig. 1 were calculated within the 

microscopic model of Lamowski et al.24. We stress that all quantitative statements in the paper 

as well as the data analysis were done with the Hopfield Hamiltonian using 𝜔!"#  and ΩR as free 

parameters. The microscopic model illustrates how polaritons emerge in nanoparticle crystals 

starting from the dipole excitation of each sphere. In the following, we summarize the main 

features and findings of the microscopic description. The reader is referred to Ref. 24 for a full 

account.  

The model considers an infinite three-dimensional crystal of plasmonic nanoparticles. The 

particles are described as spheres with diameter d, interparticle gaps a, and the dielectric function 

𝜀(𝜔) = 𝜀2 − 𝜔!%/𝜔% of a Drude metal, where ℏωp = 9.07 eV is the plasma frequency and ε∞ the 

dielectric screening by the electrons of the metal. We discuss the applicability of all 

approximations made in this microscopic model below. The nanoparticle dipole plasmon with 

frequency 

𝜔>? = +%
@A/9%A0

     (8) 
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is described as a point dipole in the center of a sphere with dielectric constant ε∞. This sphere is 

surrounded by a medium with dielectric constant εm. The Coulomb interaction between the 

plasmonic dipoles in the crystal creates collective plasmonic states described by a plasmonic 

band structure22,24, see Extended Data Fig. 1, 

𝜔!"(𝐤) = 𝜔>?L1 + 𝑔	𝑓(𝑘),     (9) 

with the coupling factor 

𝑔 = B
$

BA0
A/9%A0

N C
C9DOB 𝐹E,    (10) 

where F0 is the metal fill factor for vanishing gap size, see Supplementary Table S1. f (k) is a 

dimensionless factor that depends on the crystal structure and plasmon polarization. It is 

calculated from the lattice sums of the plasmonic dipoles24. The plasmonic band structure consists 

of transverse 𝜔!"# (k) and longitudinal branches 𝜔!"" (k). The transverse plasmons 𝜔!"# (k) couple 

strongly to light ωpt(k), resulting in hybridized plasmon polaritons ωpp(k), as described in the 

main text. 

The coupling factor g may be related to the coupling of the transverse plasmon to the retarded 

photon field given by the Rabi frequency ΩR = ωNPL𝑔. At first sight this appears surprising, but 

it results from the simple fact that both types of coupling (plasmon-plasmon and plasmon-photon) 

proceed through the dipole interaction. 

From the model above we derive an analytic expression for the normalized coupling constant 

𝜂 = 0(
+%&'

= QA/9%A0BA0
$
BF1
NC9DC OB + 𝑓#(𝐤)R38/% ,    (10) 

which was plot in Fig. 1c. 

The point-dipole approximation is valid for any ε∞ and εm if a ≥ d/2 or any d and a if ε∞ = εm 

= 1 (d ≥ 10 nm and a ≥ 1 nm as we neglect quantum size effects and electron tunneling between 

particles). In our modeling we used a ≪ d and εm > 1 (1.96). To verify the quality of the point-

dipole approximation under these conditions, we compared the polariton dispersions predicted 

by the analytic model with FDTD simulations. Extended Data Figure 9a shows the dispersion for 

d = 30 nm, a = 2 nm, ε∞ = 1, and εm = 1.96, as used in Fig. 1. The analytic model agrees well with 

the numerical simulations, confirming that the point-dipole approximation may be employed for 

this range of parameters. Note that no free parameters were used in preparing Extended Data Fig. 

9; we simply plot two independent calculations on top of each other. Close to the Γ point, the 

energy of the upper polariton branch is underestimated by the analytic theory. The discrepancy 

disappears when changing εm to one, Extended Data Fig. 9b. For completeness, Fig. 9c presents 
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the perfect agreement of the analytic dispersion with FDTD data for a > d/2 (d = 30 nm, a = 20 

nm, ε∞ = 1, and εm = 1.96).  

A second aspect to consider are material losses. Although the analytic theory neglects losses, 

it excellently reproduces the polariton frequencies from FDTD simulations, where intrinsic and 

radiative losses are included. Losses do not affect the Rabi splitting and normalized coupling 

strength, but manifest in the spectral width of the peaks in the transmission, reflection and 

absorption spectra35. Losses can be included in the polariton dispersion with a complex frequency 

component, as shown in the Methods Section The Hopfield and the Lorentz model. 

 

Effect of crystal thickness on coupling strength 

The experimental polariton dispersions in Fig. 3d were obtained from the optical far field 

spectra of plasmonic crystals with varying thickness. When fitting the experimental data with the 

dispersion from the Hopfield Hamiltonian, we assumed that the coupling strength is independent 

of the crystal thickness. In this section we show with simulations that the normalized coupling 

strength decreases by less than 10% when decreasing the thickness from twenty to two 

nanoparticle layers. Larger differences (16%) were observed in the experimental data, which we 

attribute to a decrease in the interparticle gap sizes with increasing crystal thickness. 

Extended Data Figure 10a shows the simulated polariton dispersion for a gold nanoparticle 

crystal with d = 50 nm and a = 2 nm. The data points were obtained from fits of the absorbance 

peaks in the simulated spectra and are color coded by the number of nanoparticle layers. The 

black line is a fit of the data points for 20 layers with the Hopfield dispersion [Eq. (1)], from 

which we obtain η = 1.59, ℏΩR = 2.84 eV and ℏ𝜔!"#  = 1.79 eV. While the data points for ten layers 

nicely track the fit for twenty layers, we observe a systematic shift of the data points for smaller 

layer numbers to higher energies. To analyze the coupling strength for smaller layer numbers, 

we reduce the fitting parameters from ΩR and 𝜔!"#  to ΩR by setting 𝜔!"# = L𝜔>?% + Ω&%𝑓#, using 

ℏωNP = 2.2 eV from Mie theory and ft = -0.21 from the fit for twenty layers. The normalized 

coupling strength drops with decreasing layer number by 8% to η = 1.45 for a bilayer (see inset 

of Extended Data Fig. 10a). 

We repeated this analysis for the experimental data of the gold nanoparticle crystals with d = 

41 nm (Extended Data Fig. 10b). The deviation of the data points from the Hopfield fit was most 

significant for this data set (compare blue dots and blue line in Fig. 3d). The black line in 

Extended Data Fig. 10b is a fit of the data points for five to seven layers. Similar to the 

simulations in Extended Data Fig. 10a, the data points for smaller layer numbers systematically 

shift to larger energies. The normalized coupling strength remains almost constant for four to 
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seven layers (η = 1.33 for 4L and η = 1.37 for 7L) and drops significantly to η = 1.14 for a bilayer 

(see inset of Extended Data Fig. 10b). The decrease of the normalized coupling strength in the 

experiment (16%) is larger than in the simulations (8%). We believe this is due to a decrease of 

the interparticle gap sizes with increasing thickness of the gold nanoparticle crystals in our 

experiments. 

The reduction in coupling strength for small layer numbers leads to an underestimation of η 

in Table 1, especially for the gold nanoparticle crystals with d = 46 nm where only 2L - 4L were 

analyzed. For the gold nanoparticle crystals with d = 41 nm the coupling strength is η = 1.37 for 

seven layers, while a fit of the data points for all layers yields η = 1.31. The deviation is less than 

five percent. We conclude that, except for the d = 46 nm gold nanoparticle crystals, the 

uncertainty of η in Table I remains on the order of 10−2. 
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Extended Data Fig. 1. Plasmon dispersion without light-matter interaction calculated with a microscopic 

theory that is based on the point-dipole approximation and the Drude model24, see Methods. The following 

parameters were used: fcc crystal, nanoparticle diameter d = 30 nm, interparticle gap size a = 2 nm, ℏωp 

= 9.07 eV, ε∞ = 1, and εm = 1.96. The plasmonic band structure was calculated with 𝜔!"(𝐤) =

𝜔$%&1 + g𝑓(𝐤), where we set ft = −4/3 and fl = 8/3 close to the Γ point because of a divergence of the 

lattice sums; see discussion in Ref. 24. The oscillations close to Γ are an artefact of the calculations and 

were omitted when calculating the polariton dispersion in Fig. 1b. 
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Extended Data Fig. 2. SEM images of gold nanoparticle crystals showing large crystallites. (a) Gold 

nanoparticle crystal that consists of 30 nm gold nanoparticles. (b) Gold nanoparticle crystal that consists 

of 59 nm gold nanoparticles. The scale bars are 1 µm. 
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Extended Data Fig. 3. Simulated optical transmission of aluminium nanoparticle fcc crystals that consist 

of six layers of d = 30 nm nanoparticles with a = 2 nm (black), 5 nm (cyan), and 10 nm (magenta) gaps. 

The dielectric constant of the embedding medium was set to εm = 1.96 and the optical properties of 

aluminium were modeled with a fit of the experimental data from Rakíc49. 

 

 

Extended Data Fig. 4. Approximations of the Hopfield Hamiltonian. (a) Vacuum Bloch-Siegert shift 

∆VBS calculated from the difference between the polariton dispersion of the full Hamiltonian (black line in 

Fig. 4a) and the dispersion of the Hamiltonian when neglecting all counter rotating terms (orange line in 

Fig. 4a). (b) Fitting experimental data (d = 59 nm) with the polariton dispersions of the interaction 

Hamiltonians discussed in the Supplementary Information. The black line is a fit with the Hopfield model, 

Eq. (S8). The pink line shows a fit with the polariton dispersion when neglecting the A2 term in the 

interaction Hamiltonian [Dicke model, Eq. (S9)]. The orange line is a fit with the dispersion when 

neglecting all counter-rotating terms [no CR terms, Eq. (S11)]. The blue line is a fit with the RWA 

approximation [no counter-rotating terms and no A2 term, Eq. (S12)]. 
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Extended Data Fig. 5. Mean population of the ground state with virtual photons 𝑁!#
&

 and virtual plasmons 

𝑁!"
&

 as a function of wave vector k. The populations were calculated from the Hopfield model following 

Ref. 1 for the experimental nanoparticle crystals in Fig. 3. We used the fitting parameters from Table I. 

 

 

Extended Data Fig. 6. Absorption spectra calculated from the Hopfield Hamiltonian when going from 

ultrastrong to deep strong coupling. The absorption by the lower polariton branch increases in intensity 

and decreases in line width, vice versa for the upper polariton branch. The normalized coupling strength 

η = 0.5 − 2.0 varies in increments ∆η = 0.05 (ℏωNP = 4.06 eV, 𝜔!"
# = &𝜔$%

' − 4Ω(
'/3, slab thickness of 

100 nm, and γ = 5·1013 rad/s). The model is discussed in the Methods Section.  
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Extended Data Fig. 7. Evaluation of nanoparticle diameter d and interparticle gap a using a TEM image 

of a 59 nm nanoparticle monolayer. (a) TEM image of a monolayer of gold nanoparticles. (b) Evaluation 

of nanoparticle sizes and interparticle gap sizes of the same image as in (a) using the software Image J. 

The software determines the size of the nanoparticles (colored areas) giving the mean nanoparticle 

diameter. The interparticle gaps sizes were obtained by subtracting the particle diameters from the nearest-

neighbor distances (white lines). (c) Histogram of the nanoparticle diameters and fit with a Gaussian 

distribution. The mean values from the analysis of the TEM image in (a) are d = 60.6 nm and a = 1.5 nm. 

The scale bars are 100 nm. 

 

 

Extended Data Fig. 8. Simulated plasmon-polariton dispersions for gold nanoparticle fcc crystals with 

different diameters d and interparticle gap sizes a as specified by the labels d, a (in nm). (a) Dispersions 

for different nanoparticle diameters and interparticle gap sizes of 2 nm. (b) Dispersions for different gap 

sizes and nanoparticle diameters of 50 nm. The data points were obtained from simulated absorbance 

spectra and the solid lines are a fit with Eq. (1) using ΩR and 𝜔!"
#  as fitting parameters. 
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Extended Data Fig. 9. Comparison - not fit - of polariton dispersions from the microscopic model (solid 

black lines) and FDTD simulations (data points). (a) Same polariton dispersion as in Fig. 1b of the main 

paper, i.e., d = 30 nm, a = 2 nm and εm = 1.96. (b) Parameters as in (a) except for εm = 1. (c) Polariton 

dispersion for d = 30 nm, a = 20 nm and εm = 1.96. We used the Drude model as the dielectric function of 

the metallic nanoparticles with εm = 1, ℏωp = 9.07 eV and ℏγp = 40 meV. 

 

 

Extended Data Fig. 10. Effect of crystal thickness on the coupling strength. (a) Simulated polariton 

dispersion for an fcc gold nanoparticle crystal with d = 50 nm, a = 2 nm and εm = 1.96. The data points 

were obtained by fitting the absorption spectra of crystals with different layer number. The black line is a 

fit of the data points for 20 layers with the Hopfield dispersion, Eq. (1). The inset shows the normalized 

coupling strength as a function of layer number. (b) Same analysis as in (a) but for the experimental data 
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of the gold nanoparticle crystal with d = 41 nm. The black line is a fit of the data points for five to seven 

layers. 


