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Rabi splitting (2g): Polaritons = Dressed states

g: Coupling rate

: Population decay rate of photo-excited state of the material

: Population decay rate of the cavity photonsg 

 Strong coupling:

Khitrova et al., Nat. Phys. 2, 81 (2006) 

No coupling. m = c = 0.875 THz

Cavity quantum electrodynamics (QED)
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Cavity quantum electrodynamics (QED)

Rabi splitting (2g): Polaritons = Dressed states

g 



g: Coupling rate

: Population decay rate of photo-excited state of the material

: Population decay rate of the cavity photons

Strong coupling:

Simulation 
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Cavity quantum electrodynamics (QED)

g 



g: Coupling rate

: Population decay rate of photo-excited state of the material

: Population decay rate of the cavity photons

Strong coupling:

Even stronger than strong:

Ultrastrong coupling: Simple criterion for the normalized coupling rate:

In this regime, the rotating-wave approximation (which assumes a slow energy exchange between 

cavity and material excitation) breaks down and the dispersion changes. 

Our systems: Reach the regime                      .

Deep strong coupling:                   . The lower polariton state becomes an extremely soft mode (with predictions of 

strange properties of a squeezed quantum vacuum) 
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Cavity quantum electrodynamics (QED)
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Enhancing chemical 

reaction pathways by 

vibronic strong coupling. 

Here: Coupling of 

the C=0 vibrations 

of a polymer

Microcavity

coupling of 

quantum-dot 

excitons for 

quantum 

computing  

Single Cs 

atoms in an 

optical cavity

Landau-

quantized 

electron gas 

of QWs in a 

split-ring 

resonator 

(SRR): deep 

strong 

coupling
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Effective electric dipole

E

Figure from Zhang et al. Nanophotonics, 8, 153 (2019) 

Metamaterial as ‘artificial atom ensemble’ to be 

placed into a photonic crystal cavity  

Metamaterial NOT used as the cavity as in former experiments, but as the 

material whose ‘quasi-atoms’ (metamaterial unit cells) exhibit quantized 

(plasmon) excitations which are then coupled to the photons of a cavity
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Our choice of cavity was inspired by this work on magnetoplasmons in a single GaAs/AlGaAs QW from the Kono group:

Cavity quantum electrodynamics (QED)

Cyclotron resonance, 

Landau levels

• Maximal normalized coupling rate: 0.12 

for a cavity with Q  40 (w/o 2DEG)

• Q-factors above 100 are possible 

• Only below 80 K
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Conceptual aspects:

Metamaterial as ‘artificial atom ensemble’ to be 

placed into a photonic crystal cavity  

On the other hand: We deal with collective charge oscillations, which are fundamentally quantized, 

the energy quantum being ħωpl. It has to be resonant to the cavity photon energy ħωc for coupling. 

 Although we deal with ‘cavity ED, the observed features can until now (large photon numbers) 

be described in terms of the ‘cavity QED’ formalism. 

1. Can one speak of Rabi splitting? 

Rabi splitting is a term introduced for hard-driven fermionic (atomic) systems. Our system is 

bosonic. But it is quantized and energy can periodically be exchanged between the plasmonic

material excitation and the cavity radiation field. The Kono group also use the term for their bosonic 

magnetoplasmons. 

2. But isn’t this simply a case of coupled classical oscillators with resonant behavior? 

It is. It is an entirely classical system (the evidence: ‘the Maxwell solver CST knows it all’).

The resonance frequencies are determined by geometrical factors.
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Outline

Background

 Cavity (quantum) electrodynamics

 Metamaterial as matter to be coupled to cavity photons

Metamaterial cavity electrodynamics

 Ultrastrong coupling between metamaterials and cavity photons

 Coupling strength at different positions of the standing wave

 Non-local collective interaction between metamaterials and cavity 

photons and determination of dipole moment

 Babinet: Complementary metamaterial in the cavity

Application potential (scientific, practical) 

 Nonlinear dynamics of Si:B
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Metamaterial and cavity

Q factor:

86

Cavity inspired by Zhang,…, Kono, Nat. Phys. 12,1005 (2016) 

Asymmetric, 

because 

neighboring 

Swiss-cross unit 

cells interact

Broad response 

(mainly because 

of fast radiative 

decay, second-

dary because of 

plasmon

lifetime)
Bragg mirrors (here: 

two 23-m-thick 

Si slabs on 

each side, 

separated 

by 96-m-

thick ring 

spacers)

Defect layer, 50-m-thick Si

Unit cell of the 

Swiss-cross 

metamaterial:

x = 90 m

w = 16 m

l = 63 m 
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Cavity

Electric field maxima at the 

surfaces of the defect layer

13

Distribution 

of electric 

field at 

0.86 THz
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Metamaterial within the cavity
(on the surface of the defect layer)

Metamaterial 

fabricated on 

one of the surfaces 

of the defect layer Ultrastrong 

coupling

Rabi splitting 

2hg

• THz beam 

diameter: 2 mm

• 660 (300) meta-

material unit cells 

within the cross-

sectional area for 

the smallest (largest) unit cell
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Metamaterial within the cavity
(on the surface of the defect layer)

Remarkable: 

The linewidth of the polaritons is much narrow 

than that of the initial metamaterial resonance.

 Lifetime is now mainly determined by the 

cavity mode. The energy is continuously 

exchanged between the cavity photons and 

the metamaterial plasmons. The latter emit 

superradiantly. Nonradiative decay is 

strongly suppressed.  

Rabi splitting 

2hg

15
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Coupling extends decay time

Similar observation, but different interpretation in the case of the magnetoplasmons in the work of 

Zhang et al, Nat. Phys. (2016) 

Zhang,…, Kono, Nat. Phys. 12,1005 (2016) 

Cavity makes lifetime longer.

Interpretation by Zhang et al.:

• CR in free space is 

determined by superradiant

radiative decay.

• The cavity prolongs the 

lifetime because the energy is 

stored in the cavity photons.

• CR in the cavity approaches 

the fundamental limit given by 

the momentum scattering  

time of the carriers (as 

measured by DC transport).  
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Variation of the metamaterial’s 

resonance frequency 𝜈mm by 

rescaling of x, w and l

Metamaterial within the cavity
(on the surface of the defect layer)

Simulations with CST Maxwell solver: 

Green lines: for metamaterial-loaded cavity

Dash-dotted line: for bare metamaterial
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Variation of the metamaterial’s 

resonance frequency 𝜈mm by 

rescaling of x, w and l

Metamaterial within the cavity
(on the surface of the defect layer)

Model of coupled classical harmonic oscillators

V: Coupling rate

Solution:

Novotny, Am. J. Phys. 78,1199 (2010) and Liu et al., Nat. Mater. 8, 758 (2009) 18
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Variation of the metamaterial’s 

resonance frequency 𝜈mm by 

rescaling of x, w and l

Metamaterial within the cavity
(on the surface of the defect layer)

V: Coupling rate

Model of coupled classical harmonic oscillators
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Vacuum electric field

Effective dipole moment

In QED:

Rabi splitting:

Metamaterial at different positions in the cavity (simulation)

Vacuum electric field 

proportional to the 

classical electric 

field at the given 

position
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Vacuum electric field 

proportional to the 

classical electric 

field at the given 

position

Vacuum electric field

In QED:

Rabi splitting:

Effective dipole moment

• No displacement: 

Only cavity mode.

• Displaced: Rabi 

splitting, pairs of 

polariton modes

21

Metamaterial at different positions in the cavity (simulation)
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Metamaterial in the center of the defect layer:

• No Rabi splitting

• Small offset of the resonance because of 

additional space between the sandwiched Si 

due to the metallic metamaterial structure 

Vacuum electric field

In QED:

Rabi splitting:

Effective dipole moment

22

Metamaterial at different positions in the cavity (experiment)
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 Determination of effective dipole moment

 Test of N-dependence

Cannot use Swiss-cross metamaterial because of the strong inter-

unit-cell interaction.

Take recourse to split-ring resonators instead.

23
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Strong coupling of split-ring resonator (SRR) with cavity 

photons

E

Simulations
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Strong coupling of split-ring resonator (SRR) with cavity 

photons

E

𝜈mm

Experiments
n = 22-30 m, u = 5 m, 

gap = 5 m
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Collective character of the strong coupling

E

Singh et al., App. Phys. Lett. 97, 241108 (2010)

Variation of 

distance 

between unit 

cells:

26
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Nonlocal collective character of the strong coupling

E

Variation of 

distance 

between unit 

cells:

Fabrication of 

metamaterial 

on both 

surfaces of the 

defect layer
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Effective dipole moment

E

The square-root dependence is proof that the effective quantum transition dipole moment eff of the SRR quasi-

particles remains constant

With 

Dmm: SRR density

r: Relative Permittivity of Si

Leff: Thickness of defect layer plus 

2 air gap to approximate length 

of mode volume

STHz: Cross-sectional area of THz beam 

Very large, if compared with natural atoms: 

eff = 6.310-30 Cm for 1s-to-2p transition in H

Explains the (surprisingly) strong coupling of the plasmonic metamaterial 

with the cavity photons

28
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Playing with Babinet‘s principle

Liu,…Giessen, Adv. Mater. 20, 4521 (2008)

Babinet’s principle: Classical concept for infinitely thin patterned perfect conductors. 

One aspect (following Marqués et al., J. Opt. A: Pure Appl. Opt. 7, S38 (2005): 

The total field transmitted by a metallic screen with an arbitrary aperture, added to the total field transmitted by 

its complementary screen, illuminated by the complementary incident wave, gives the incident wave.

Complementary illumination: Rotate polarization by 90° to the left.

30
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Babinet’s principle

Zentgraf,…,Giessen, Rockstuhl, Lederer, Phys. Rev. B 76, 033407 (2007) Chen,…, Averitt, Opt.Phys. Rev. B 76, 033407 (2007)

Rotationally symmetric case: Incoming 

field must not be rotated by 90°

Metamaterial: 

Bandstop filter

Complementary

metamaterial:

Bandpass filter

31
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Complementary Swiss-cross metamaterial within the 

cavity (in the center of the defect layer)

Theory predicts that an electric dipole of a screen turns into a magnetic dipole of the complementary screen 

Falcone et al., Phys. Rev. Lett. 93, 197401 (2004)

Idea: If we place a complementary Swiss-cross metamaterial into the center of the cavity, then we should see a 

Rabi splitting, because the magnetic dipole can interact with the high magnetic field there. 
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Complementary Swiss-cross metamaterial within the 

cavity (in the center of the defect layer)

Experimental findings:

• Rabi splitting observed with an upper (UP) and a 

lower (LP) polariton branch

Slightly 

shifted 

cavity 

mode 

• BUT: Also the bare cavity mode survives 
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Complementary Swiss-cross metamaterial within the 

cavity (at different positions away from the center of the defect layer)

CST simulations (“CST knows it all”, because we deal with classical phenomena) 

• Cavity mode vanishes

• Replaced by Rabi splitting

• Cavity mode survives for all displace-

ments (becomes weaker, though)

• Additional Rabi splitting

• Rabi splitting is much bigger for comple-

mentary metamaterial. g/c reaches 0.35.

• Nonlinear dependency on vacuum field

Swiss-cross MM 

(shown before)

Complementary 

Swiss-cross MM

Comparison of 

Rabi splitting
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Complementary Swiss-cross metamaterial within the 

cavity – experiment

Dashed lines: Simulations with 

model of three coupled harmonic 

oscillators

 Coupling of three resonators: two sub-cavities and a metamaterial

In order to avoid having to press two fragile Si slabs against each other: 

Realization with two non-identical sub-cavities (Q-factors: 33 (241-GHz 

fundamental-mode cavity) resp. 157 (299-GHz 2nd-order mode cavity))  

The metamaterial screen splits the cavity into two parts which can 

communicate through the hole pattern of the screen in the frequency 

range of the passband.
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Application potential (practical and research-oriented)

• Chemical and biological sensing: 

Many metamaterials do not have a very high Q-factor, sensor possibly could be 

better if incorporated into a PC cavity.

 Highly sensitive sensing possible?

• Band filters (actively controllable)

• Phase modulators:

Enhancement of a small phase shift of a metamaterial by the PC cavity (multiple 

round-trips

• Ultra-low-threshold lasing in a PC cavity (polariton laser)

• Phase-synchronization of multiple THz emitters (resonant tunneling diodes, 

transistor circuits)

• Nonlinear intracavity experiments: 

Field enhancement in the PC cavity can be used for nonlinear spectroscopy. 

Example involving shallow impurities in Si 

37

International 

projects, 

heavily 

slowed down 

by Corona 

pandemia
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Next steps: Towards active control

Tapping into the rich literature on active metamaterials and adapt some approaches to the use in cavities 

(advantages: narrow linewidth, polariton splitting makes different frequencies accessible)

Chen,…, Padilla,… Averitt, Nature 444, 597 (2006).

Voltage-controlled on-off switching:

Unbiased: No metamaterial 

resonance (gap electrically 

shorted)

With voltage: n-GaAs is depleted 

in the gap region, metamaterial 

becomes active, resonances 

appear.
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Motivation behind the experiment

fs pulse What happens upon the ultrafast switch-

off of the dressed state by sudden 

destruction of the plasmon mode?

Scenario 1 Scenario 2

41
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TDS setup for optical-pump THz probe experiment

(reflection measurement)

fs pulse

Detector Stage

Pump Stage

Emitter Stage
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Reflection spectra of the cavity: with and without CMM 
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Reflection spectra as a function of the pump delay

Pump-probe spectra

 Two polariton modes at 0.4 THz and 0.52 THz before

introducing pump beam

 The two modes merge into the cavity mode within 2 ps

 corresponds to relaxation scenario 2

 Larger linewidth of the cavity mode indicates Drude 

losses
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Coherent control of the collapse of polariton modes

Anti-node

Node
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Collapse of polariton modes

Optical-pulse-induced changes of the temporal

waveform of the THz pulse at two pump delays.

 Reference beating signal with a period 

of 8 ps: Anti-node at 8 ps, and node 

close to 12 ps

 Pumping at anti-node (blue dashed 

curve): The beat-note disappears, 

frequency shifts to cavity mode 

frequency without much loss of 

amplitude

 Pumping close to node (red dashed 

curve): Antinode can not be rebuilt.

Loss of amplitude because energy in 

the plasmon mode is dissipated by 

electric currents in the metamaterial. 
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Bright and dark metamaterials in a photonic crystal 

cavity

E

“Bright atom” “Dark atom”

E

E

2g = 92 GHz

Cavity resonance: 

470 GHz

Not really “dark”: Fundamental reso-

nance is at much higher frequency
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Metamaterial with electromagnetically induced 

transparency (EIT)

E

“Bright atom” “Dark atom”

Liu et al., Adv. Mater. 20, 4521 (2008) 

Antisymmetric 

magnetic moments, 

parallel currents

Symmetric magnetic 

moments, antiparallel 

currents
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Strong coupling between metamaterial dark “atom” and 

cavity photons

E

5 μm 2 μm

4
0
 μ

m

50
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Simulation: Tuning the coupling strength 

between bright and dark atom by 

changing the distance d of the SRRs
𝑑

Strong coupling between metamaterial dark “atom” and 

cavity photons (CST)

E

𝑑

“Bright atom” “Dark atom”
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Strong coupling between metamaterial dark “atom” and 

cavity photons (experiment)

E

𝑑

“Bright atom” “Dark atom”

Measurement: Transmittance for two 

values of the distance d of the SRRs: 

0 μm and 2 μm
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Two coupled bright metamaterials in a photonic 

crystal cavity (CST simulations)

Cavity resonance: 

470 GHz
Key observation: Three resonances, as expected

if three resonators are involved

E

Two bright "atoms”

𝑑

One with fixed resonance at 468 GHz,

the other varied: 370 - 600 GHz,

Distance d: fixed at 2 μm

𝜔1 𝜔2
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Bright Cavity

Dark

a

b

Strong coupling between metamaterial dark “atom” and 

cavity photons

54

 One expects three resonances, 

as three resonators are

involved

BUT:

 One observes four resonances

 Hierarchical coupling

Two possible

pathways for first-

order coupling step

Polariton 

1

Dark

Polariton  

2

Symmetric 

plasmon

Cavity

Antisymmetric 

plasmon

Each coupled mode splits again into two modes upon next interaction step
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Motivation: Possible improvement of 

biosensing of DNA and proteins with

metamaterials

Present approach, see e.g. 

Weisenstein, ... Haring Bolívar, Biomed. 

Opt. Express 11, 448 (2020)
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Metamaterial sensor improvement by its insertion in 

a photonic resonator?

Main findings by simulations:

• The frequency shifts are not larger than for

the metamaterial. Reason: The relevant 

quantity is not the Q-factor (which is 

enhanced) but the mode volume (which is 

also larger). 

A small mode volume favors a large 

frequency shift ( dielectric perturbation

theory)

• The Rabi splitting leads, however, to a larger 

phase change by the analyte. This can be

exploited for an enhanced sensitivity.

 to be verified experimentally
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Transmission spectra of boron-doped Si

Can one achieve strong coupling between cavity 

photons and the electronic transitions of dopants? 

 Challenging to fabricate 1D photonic crystal 

cavities operating on such high frequency

 Employing near-field cavity: metamaterial 

cavity

 Thin layer of dopants: ion implantation
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Ion implantation

In our case: Thickness of doped layer: 1 µm

Dopant density: 2x1017 cm-3

FTIR measurement of the boron-implanted Si 

at 10 K

Impurity transition lines:

7.32 THz, 8.27 THz, 9.49 THz

Linewidth  :

0.19 THz 
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Measured at 100 K

Split ring resonators 

E

m = 5 µm

n = 3, 2.9, 2.8, 2.7, 

2.6, 2.5 µm

g = 0.6 µm

Linewidth : 1.4 THz 

Fabrication by 

e-beam 

lithography
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Impurity transition lines:

7.32 THz, 8.27 THz, 9.49 THz

Anti-crossing frequencies:

7.4 THz, 8.29 THz 

Transmission spectra with different SRRs

Measured Rabi splittings: 0.23 THz, 0.4 THz 
At T = 20 K
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What’s remarkable (even puzzling)?

The polariton absorption bands are narrow, the Rabi splitting clearly larger than the linewidths. 

And this, although the electric field in the 0.6-μ-wide mgap of the SRR is very inhomogeneous over

the 1-μm-thick dopant layer:

Field in the gap of 

the SRR in vertical

direction

At what depth does the Rabi splitting vanish?

 Experiments are under way with thicker dopant layer.
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Summary 

• Huge dipole moments explain the ultrastrong

interaction. The coupling strength depends 

linearly on the local vacuum-field strength. 

• The coupling occurs via non-local 

collective interaction.

Towards practical applications:

• Sensors, modulators, switches, lasers and 

synchronized coherent emitters…..

• We have investigated the ultrastrong

coupling of metamaterials as ensembles 

of “artificial atoms” with cavity photons. 

64

• Complementary metamaterials, EIT systems: 

Rich phenomenology by (unexpected) 

coupling of various modes (quanta)


