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Observation of Three-Photon Spontaneous Parametric Down-Conversion
in a Superconducting Parametric Cavity
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Spontaneous parametric down-conversion (SPDC) has been a key enabling technology in exploring
quantum phenomena and their applications for decades. For instance, traditional SPDC. which splits a
high-energy pump photon into two lower-energy photons, is a common way to produce entangled photon
pairs. Since the early realizations of SPDC, researchers have thought to generalize it to higher order. e.g.. 10
produce entangled photon triplets. However, directly generating photon triplets through a single SPDC
process has remained elusive. Here, using a flux-pumped superconducting parametric cavity. we
demonstrate direct three-photon SPDC, with photon triplets generated in a single cavity mode or split
between multiple modes. With strong pumping. the states can be quite bright, with flux densities exceeding
60 photons per second per hertz. The observed states are strongly non-Gaussian, which has important implica-
tions for potential applications. In the single-mode case, we observe a nangular star-shaped distribution
of quadrature voltages, indicative of the long-predicted “star state.” The observed state shows strong third-
order comrelations, as expected for a state generated by a cubic Hamilionian. By pumping at the sum frequency
of multiple modes. we observe strong three-body correlations between multiple modes, strikingly, in the
absence of second-order correlations. We further analyze the third-order comelations under mode trans-
formations by the symplectic symmetry group. showing that the observed transformation properties serve (o
“fingerprint” the specific cubic Hamilonian that generates them. The observed non-Gaussian, third-
order correlations represent an important step forward in quantum optics and may have a strong impact
on quantum communication with microwave fields as well as continuous-variable quantum computation,
DOI: 10.1103/PhysRevX. 10011011 Subject Areas: Quantum Physics,

Quantum Information,
Superconductvity
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Surface-Confined Macrocyclization via

Dynamic Covalent Chemistry

Chaoying Fu, Jifi Miksitko, Lea Assies, Vladimir Vrkoslav, Silvia Orlandi, Martin Kalbag, Petr Kovaricek,
Xiaobin Zeng, Boping Zhou,* Luca Muccioli,* Dmitrii F. Perepichka,* and Emanuele Orgju*
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ABSTRACT: Surface-confined synthesis is a promising approach
to build complex molecular nanostructures including macrocycles.
However, despite the recent advances in on-surface macro-
cyclization under ultrahigh vacuum, selective synthesis of
monodisperse and multicomponent macrocycles remains a
challenge. Here, we report on an on-surface formation of [6 + 6]
Schiff-base macrocycles via dynamic covalent chemistry, The
macrocycles form two-dimensional crystalline domains on the

“_‘\ (.‘ -
micrometer scale, enabled by dynamic conversion of open-chain »
oligomers into well-defined ~3.0 nm hexagonal macrocycles. We g
further show that by tailoring the length of the alkyl substituents, it o + Q

is possible to control which of three possible products—oligomers,
macrocycles, or polymers—will form at the surface. In situ

microscopy imaging combined with density functional theory calculations and molecular dynamics simulations
unravel the synergistic effect of surface confinement and solvent in leading to preferential on-surface macrocyclization.
KEYWORDS: dynamic covalent chemistry, on-surface synthesis, macrocycle, scanning tunneling microscopy, density functional theory,
molecular dynamics simulation
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