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1.   Research agenda

In traditional condensed matter platforms, the inter-
actions between large ensembles of particles (such as 
electrons or atoms) lead to the emergence of fascinat-
ing new physical phenomena such as superconductiv-
ity, superfluidity and the fractional quantum Hall 
effect. Key to the most exotic of these emergent 
phases of matter is strong interactions between the 
constituent particles. While photons (particles of 
light) do not typically interact, advances in optical 
materials and hybrid-optical structures can also 
induce very strong non-linearity between photons. 
Furthermore, the ability to control photons to very 
precise, even single photon levels, in addition to more 
recent discoveries such as topological states of light, 
make optical platforms extremely exciting for the 
exploration of fundamentally new states of matter. 
Pursuing new optical platforms that strategically 
combine these and other properties, we aim to create 
and explore new many-body quantum states of light.

In optics, there are many experimental platforms 
we might use, each of which has distinct features and 
advantages. Exciton-polaritons (bosonic half-light, 

half-matter quasi-particles in a semiconductor micro-
cavity), for example, have the advantage of relatively 
strong interactions, a result of hybridizing cavity 
photons with interacting electronic excitations. This 
platform may be fabricated using a variety of materi-
als and structures, also with spatial structuring and 
even topological phases. Meanwhile, implementation 
of topological models in a time-multiplexed optical 
resonator network (a similar geometry to the coherent 
Ising machine) is a distinct methodology with the 
unique feature of being able to engineer non-local 
interactions, which makes this also an exciting plat-
form to study in the context of lattice bosonic quan-
tum Hall effects. 

The breadth of photonic-platform exploration is 
enhanced by strategic partnerships with external 
institutions, including California Institute of Technol-
ogy, Massachusetts Institute of Technology, Stanford 
University and RIKEN – a major scientific research 
institute in Japan. Of course, much of our work will 
take place at Sunnyvale. Some of the fundamental 
problems we are seeking to initially explore in the 
new optical lab include the following:

1.  How can photons be made to interact (very) 
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strongly – to the level at which strong correla-
tions and new physical phenomena result?

2.  How can we induce a large artificial magnetic 
field for neutral photons, and use this to create 
topological states of light?

3.  What new quantum states of matter and other 
phenomena might result from highly non-linear, 
structured photonic systems?

Pursuing our research agenda requires precise opti-
cal control, extreme conditions, including low tem-
peratures and large magnetic fields, as well as 
advances in materials and innovative device design. 
Our Sunnyvale laboratory is uniquely positioned to 
approach these challenges, combining in the same 
space advanced material and device fabrication with 
ultra-low temperatures, high magnetic fields, and 
new schemes for optical manipulation and measure-
ment.

2.   Optical lab features and capabilities

The main lab area is about 35 feet x 33 feet, with a 
very high ceiling, which is useful for installing and 
operating larger equipment, such as our 11-foot-tall 
dilution fridge. The room is divided into three parts 
with retractable optical blackout curtains separating 
the sections. Two sections, which may each be inde-
pendently and completely blacked out, are host to two 
distinct experimental research themes, while the 
other room will always be lit and used for discus-
sions, data analysis, sample preparation, etc.

There were many design requirements incorporat-
ing a range of Physics & Informatics Laboratories 
(PHI Lab) experiments, and it was necessary to make 
numerous accommodations. The combination of 

research projects together had strict requirements, 
necessitating design of custom HVAC (heating, ven-
tilation, and air conditioning) systems, noise isolation 
for pumps and compressors, and removal of all mag-
netic materials from sections of the room. Some of 
the lab’s notable features and capabilities include the 
following:

•  Precise optical control: In the context of our 
experiments, this initially means being able to 
create and drive optical phenomena on micron or 
smaller scales with high spatial precision and 
reproducibility. It will eventually become more 
stringent, where we will need to have such pre-
cise spatial and temporal control at a single pho-
ton level of quantum objects.

•  Temperature range: Certain experiments are 
being conducted at room temperature, which is 
one of the advantageous features of optics exper-
iments in general. Other experiments are con-
ducted at significantly using materials and 
devices cooled to much lower temperatures. We 
will have two helium refrigerators as part of the 
lab infrastructure. One is compact and fast to use 
and operates at around 4 K. This is a sufficiently 
low temperature to study, iterate new materials 
and structures in detail, and reveal new physics 
of these samples. The other refrigerator, known 
as a dilution fridge, may reach about 5 mK 
(about 60,000 times colder than room tempera-
ture) and is a highly customized apparatus. Such 
low temperatures are desired because quantum 
states of matter (many-body states, in particular) 
are typically revealed only at very low tempera-
tures. Even if a given many-body quantum state 
can be observed (or engineered to appear) at 
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higher temperatures, lowering the temperature 
gives robustness to this quantum state. The frac-
tional quantum Hall effect in its traditional elec-
tronic manifestation is paradigmatic of a system 
requiring and benefitting from both criteria. Both 
fridges have optical excitation and imaging 
access with low vibration and high spatial reso-
lutions.

•  Large magnetic field: A magnetic field can be 
used to strongly modify the properties and 
behavior of electronic and magnetic materials. In 
two-dimensional (2D) electronic materials, a 
strong magnetic field applied to samples at low 
temperature quenches the kinetic energy leading 
to the formation of topological bands and an 
enhanced importance of interactions, the neces-
sary ingredients to create an electronic fractional 
quantum Hall effect. We will be studying the 
emergence of such states in new monolayer opti-
cal semiconductors in which optical techniques 
(not just electronic) can be used for measurement 
and control. Hybridizing with other monolayer 
materials may also be used to create new func-
tionality and control. 

•  Fabrication tools: It is atypical for an optics lab 
to have sample fabrication integrated into a sin-
gle facility, but in doing so, we hope to be able to 
rapidly iterate the process of design, fabrication, 
and measurement of new samples, along with a 
fast turnaround of testing new materials and 
incorporating new ideas and refinements into 
updated sample structures. Whereas traditional-
ly, complex semiconductor structures need to be 
‘grown’ in large chemical reactors run by teams 
of people, newer materials including van der 
Waals materials may be assembled manually 
layer-by-layer using a compact but precise set of 
fabrication tools. In our laboratory, we have an 
inert atmosphere glove box housing a state-of-
the-art 2D material transfer station capable of 
constructing these structures with atomic level 
precision in addition to an atomic force micro-
scope for structural characterization. The glove 
box maintains an oxygen-, water-, and other 
impurity-free atmosphere (down to the level of 
parts per billion) for clean sample fabrication.

•  Optical measurement and control: Part of the 
design feature set of the laboratory is to be able 
to fabricate and characterize new materials and 
structures. Another is the ability to optically 
pump and measure the dynamics of electronic 
and optical excitations in these devices. Our 

cryogenic capabilities were chosen such that we 
can measure with sub-micrometer levels of 
vibration for precise excitation and imaging. We 
also work with very narrow-linewidth stable 
laser sources across several wide frequency 
bands (including ultraviolet, visible, and near-
infrared) which will be combined with spatial 
light modulators to drive structured spatial and 
temporal dynamics of these excitations.

3.   Flexible and focused

As with any new experimental optics laboratory, we 
needed to make sure the Sunnyvale lab was not too 
specific to be flexible with the exploratory nature and 
changing directions of the research projects. We have 
a well-balanced set of complimentary and cutting-
edge equipment and apparatus, the combination of 
which is unique and offers us the ability to conduct 
entirely new experiments and work with as-yet 
unstudied but promising materials, of which only this 
apparatus is capable.

For the specific themes discussed in this article, the 
exploration and creation of quantum many-body 
states in optical platforms is enabled through the 
development of new techniques, new materials, new 
theory, and by innovative design of experiments. We 
are gradually building a toolbox of experimental 
techniques, materials and device designs that will 
give us further opportunities to create fundamentally 
new states of matter with optics.
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