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Quantum optics has been traditionally studied in the visible and near-infrared frequency 
regions. More recently, it was also shown that  microwave superconducting circuits have 
also been a very interesting  testbeds for fundamental quantum optics studies. In this talk, 
I will discuss some of our recent advances in studying quantum optics in the terahertz. In 
particular, it is a very interesting frequency region to  study the physics of the ultra-strong 
light matter coupling regime. In particular, we are interested in the coupling between 
metamaterials and excitations of two-dimensional electron gases as well as  
measurements of field correlations by electro-optic sampling. 
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ABSTRACT: Ultrastrong light-matter coupling allows the
exploration of new states of matter through the interaction of
strong vacuum fields with huge electronic dipoles. By using
hybrid dipole antenna-split ring resonator-based cavities with
extremely small effective mode volumes Veff/λ0

3 ≃ 6 × 10−10

and surfaces Seff/λ0
2 ≃ 3.5 × 10−7, we probe the ultrastrong

light-matter coupling at 300 GHz to less than 100 electrons
located in the last occupied Landau level of a high mobility
two-dimensional electron gas, measuring a normalized
coupling ratio of ΩR/ωc = 0.36. Effects of the extremely
reduced cavity dimensions are observed as the light-matter
coupled system is better described by an effective mass heavier
than the uncoupled one. These results open the way to
ultrastrong coupling at the single-electron level in two-dimensional electron systems.
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Subwavelength metallic resonators offer interesting possibil-
ities in basic and applied science due to their capability of

greatly increasing the interaction of electromagnetic waves with
small nano objects with very different dimensions. Optical
antennas,1 plasmonic resonators, metamaterials, and patch
cavities2 were recently used to demonstrate several advance-
ments in the field of strong light-matter coupling. One
interesting research direction is the one studying the so-called
ultrastrong light-matter coupling regime,3 achieved when the
coupling strength ΩR becomes comparable to the unperturbed
frequency of the system ω. Here peculiar cavity quantum
electrodynamics effects are predicted due to the creation of an
exotic ground state where correlated photons are present.4,5

Such ultrastrong coupling regime has been now observed in
different physical platforms, as intersubband (ISB) transitions
in semiconductor quantum wells6 and plasmons,7 electronic
transitions in organic molecules,8 Cooper pair boxes in cavity
QED (Quantum Electro Dynamics),9 and by our group with
magnetopolaritons, where cyclotron10 and magneto-plasmon
transitions11 in two-dimensional electron gases (2DEG) are
coupled to terahertz (THz) metamaterials. The scaling of the
normalized coupling ratio ω

ΩR

c
toward values larger than

unity12,13 is expected to significantly increase the number of
virtual photons present in the ground state14,15 of the ultra
strongly coupled system. Together with the strength of the
coupling, another highly relevant parameter is the number N of
electronic oscillators effectively involved in the strong coupling

process. Most of the systems cited above rely on the collective
enhancement of the interaction strength that scales with √N.
Single quantum elements in strong16,17 and eventually
ultrastrong coupling18 provide a powerful platform to imple-
ment quantum computing protocols. The absolute control on
the number of coupled elements and its scaling toward low
values would offer a great tool to study ultrastrong coupling
physics in a different regime. In previous realizations, the
system could be treated as bosonic due to the very diluted
number of excitations with respect to the total number N of
electronic excitations. A reduction toward a few electron regime
would provide a change in the accessible physics, because the
system will be better described by the so-called quantum Rabi
model.18,19 Theoretical calculations on an intersubband two
level system in such a regime predict peculiar spectral
signatures.20 In order to reduce the number of excitations
coupled to the light field, the most straightforward way is to
reduce the cavity effective interaction volume by fully exploiting
the role of metallic confinement. This approach recently led to
the demonstration of single molecule strong coupling at room
temperature at visible frequencies21 with a nano cavity of
normalized volume ≃ ×λ
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3 . In our previous experi-

ments the electron number at the anticrossing for a coupling
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