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Figure 1| Comparison of electric-field configurations that generate longitudinal and transverse SAM. a, Longitudinal SAM as it occurs, for example, in a
paraxial beam of light. The field vector spins around the propagation axis, similar to the rotor blades of an aircraft. b, Transversely spinning electric field for
the case of transverse SAM of light, resembling the spinning movement of the spokes of a rolling bicycle wheel. Panel b adapted from ref. 29, EOS.

From transverse angular momentum to photonic wheels

(Review) Nature Photon. 9, 789 (2015)
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Figure 1 Trend in the information-carrying capacity of a single line (wire or optical fibre) with time and
technology. (WDM: wavelength-division multiplexing; ETDM: electronic time-division multiplexing). Reproduced
with permission from Kimerling, L. C. Opt. Photon. News 9, 19 (1998). Copyright (1998) 0SA.
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Figure 2 | SEM and microscope images of the fabricated device. a, Top- ﬁlﬁ JE}JE'GZ‘F-—‘V I J 751 )\

view SEM image of the ring coupled to the waveguide with a close-up view of

the coupling region. b, Top-view microscope image of the ring resonator

after the metal contacts are formed. The metal contact on the central NatU e PhOtOn . 2, 242 (2008)
p-doped region of the ring goes over the ring with a 1-um-thick silicon

dioxide layer between the metal and the ring. ™~
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Ultrafast all-optical switching

by single photons
Nature Photon. 6, 605 (2012)

a o b, c Control pulse
signal oL 1 { Continuous
——x—--F- 120 5 delay
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Figure 1| A single-photon all-optical switch. a, A single control photon incident on the QD-cavity device determines whether a signal photon of different
colour is scattered. b, Energy-level diagram of the strongly coupled QD-cavity system up to the second manifold of the anharmonic Jaynes-Cummings
ladder. A single control photon on the upper polariton transition (UP) to the first manifold (Jg) — |1, + ) changes the scattering rate of a second signal
photon resonant with a transition from the first to the second manifold (1,4 }— |2 + }). ¢, Set-up for the demonstration of ultrafast single-photon switch
operation. The relative delay between signal and control pulses is adjusted by a continuous delay stage. In addition, a discrete delay line, corresponding to a
time delay of ~5 ns, can be added to the path of the signal pulse using a fibre switch. The photons back-scattered from the QD-cavity system are detected
by an avalanche photodiode (APD) in single-photon counting mode.

R LFTHER RabinH . FZHStarkzh R



nature
h '
p Otomcs PUBLISHED ONLINE: 24 AUGUST 2014 | DOI: 10.1038/NPHOTON.2014.192

REVIEW ARTICLE

Quantum nonlinear optics — photon by photon

Darrick E. Chang', Vladan Vuleti¢? and Mikhail D. Lukin®*

The realization of strong interactions between individual photons is a long-standing goal of both fundamental and technological
significance. Scientists have known for over half a century that light fields can interact inside nonlinear optical media, but
the nonlinearity of conventional materials is negligible at the light powers associated with individual photons. Nevertheless,
remarkable advances in quantum optics have recently culminated in the demonstration of several methods for generating
optical nonlinearities at the level of individual photons. Systems exhibiting strong photon-photon interactions enable a number

of unique applications, including quantum-by-quantum control of light fields, single-photon switches and transistors, all-optical
deterministic quantum logic, and the realization of strongly correlated states of light and matter.

To understand why it is difficult to generate an optical response that is
nonlinear at the level of individual photons, let us consider the interaction
of a tightly focused laser beam with atoms. \We would like to determine
how many photons it takes to alter the atomic response, which can in turn
modify the light propagation. To answer this question, we can think about
light propagation in a focused beam as a flow of photons in a cylinder of
diameter d.



The probability of interaction p between one photon and one

atom is then given by the ratio of an effective size of the atom as seen by
a photon (the atom’s absorption cross-section, ¢) and the transverse area
of the laser beam (~d?). The absorption cross-section is a function of the
frequency of light. It reaches its maximum when the light frequency
matches the frequency of the atomic transition, with a value of the order
of the wavelength of light squared (~42), giving p = A%/d?. Because
diffraction prevents the focusing of light below the wavelength scale,

In free space d > 4, so typically p « 1. Hence a large number of atoms

N = 1/p iIs required to substantially modify the propagation of the light
beam. To saturate such an atomic ensemble and thus produce a nonlinear
optical response, a correspondingly large number of photons n = N = d?/4?
~ 1/p is needed. A number of experiments have attempted to maximize
the atom—photon interaction probability p by concentrating laser light to
a small area, achieving sizeable atom—photon interaction probabilities of
p = 0.05 with laser beams focused on neutral atoms, p = 0.01 with ions,
and p = 0.1 with molecules on a surface.



Focus on a single molecule
NATURE PHOTONICS | VOL 10 | JULY 2016 438
Tight focusing of two light beams onto an organic molecule opens the way

to coherent nonlinear interactions at the few-photon level.
Sarah M. Skoff and Arno Rauschenbeutel

One may wonder why it commonly takes a high-intensity light
field to dynamically modify the optical properties of matter.

In this context, a key figure of merit is the probability P of
Interaction of a single photon with a given atom or molecule

— the quantum emitter — in the considered material. This
probability can be expressed as P = o/A, where ¢ 1s the emitter’s
Interaction cross-section and A Is the mode cross-section of the
light field. The probability P approaches unity If ¢ and A reach
their maximum and minimum values of approximately 42,
respectively, where 4 Is the optical wavelength.



In bulk materials at room temperature, ¢ Is many orders of
magnitude smaller than A% due to large homogeneous broadenin
of the optical transition caused by thermal excitations of lattice
vibrations that perturb the quantum emitter. On the other hand,
A 1s often larger than its limiting value because of diffraction.
Consequently, for a propagating light field where each photon
only interacts with an atom or a molecule once, the interaction
probability P falls markedly below unity, and the nonlinear
effects — being proportional to increasing powers of P — are
strongly reduced. In this case, many photons must be present
In a material sample simultaneously to observe sizeable
nonlinear processes.

Nature Photon. 10, 450-453 (2016).



Large Cross-Phase Modulations at the Few-Photon

Level PRL 117, 203601 (2016)

Microscopic clouds of cold atoms can mediate interactions between weak
pulses of light at the level required for qguantum logic with single photons.

Few-photon coherent nonlinear optics with a single
molecule Nature Photon. 10, 450-453 (2016).

Self-Similar Nanocavity Design with Ultrasmall Mode

Volume for Single-Photon Nonlinearities
PRL 118, 223605 (2017)

We show that the extreme light concentration Theory
In our design can enable ultrastrong Kerr
nonlinearities, even at the single-photon level.

Creating an appropriately shaped, nanoscale air gap in a block of silicon l

would boost the maximum electric field of a weak laser by more than
10,000 times.
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