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1 Introduction & Relevance to NASA’s Mission

Figure 1: Atoms near surfaces in

microgravity. A schematic showing the tunability

of 2D materials (top) and a comparison of the

energy and length scales where interaction effects

between atoms and surface compete with gravity.

Novel two-dimensional (2D) atomically flat materials,
such as graphene and transition-metal dichalcogenides,
exhibit unconventional Dirac electronic spectra. We
propose to effectively engineer their interactions with
cold atoms in microgravity, leading to a synergy be-
tween complex electronic and atomic collective quantum
phases and phenomena. Dirac materials, which range
from semimetals to semiconductors, form a unique class
of two-dimensional solids where electrons effectively
have relativistic-like dispersion (massless or massive un-
der certain conditions), with details that are strongly
material- and environment-dependent [1–5]. This makes
them susceptible to manipulation and quantum engineer-
ing via changes in their electronic properties by applica-
tion of strain, doping with carriers, adjustment of their
dielectric environment, etc. Consequently the interac-
tion of atoms with such materials, namely the van der
Waals / Casimir-Polder interaction, can be predicted with
great accuracy, and effectively manipulated, leading to
the potential observation of novel physical effects. The
exploitation of these effects in furtherance of NASA’s
fundamental physics mission could result in revolutionary technologies in the fields of energy
harvesting, quantum information, atomic sensors, custom film coatings, and materials design.

Figure 2: Two-dimensional crystals beyond

graphene. A great variety of two-dimensional

materials with diverse properties, ranging from

Dirac semimetals to massive Dirac insulators with

strong spin-orbit interactions, provide fantastic

opportunities for new quantum states of electronic

and atomic matter. These materials can also be

assembled layer by layer to form van der Waals

heterostructures (adapted from [2]).

We propose that this novel paradigm can be explored
through four integrated research directions: (1) Quantum
reflection of atoms; (2) Trapped Bose-Einstein Conden-
sates near 2D Materials; (3) Exotic Low Dimensional
Quantum Phases; and (4) Third Sound and Pattern For-
mation in Superfuid He Films. To expose the under-
lying emergent quantum behavior, the competing inter-
actions and length scales involved (see Fig. 1) directly
necessitate the microgravity environment of the current
and future Cold Atom Laboratory (CAL) missions on the
International Space Station. CAL has already achieved
great success in producing trapped Bose-Einstein con-
densates (BECs) in microgravity [6] and we aim to chart
a groundbreaking new direction for the planned BEC-
CAL (Bose-Einstein Condensate Cold Atom Laboratory)
mission [7] and well beyond, as envisaged by the NASA
Fundamental Physics Program. Our decadal vision is
to:
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Leverage ground and future NASA space-based missions in microgravity for the discovery
and engineering of fundamental and exotic physical phenomena at the interface of atomic
matter and two-dimensional quantum materials.

The main driver of unconventional physics is the van der Waals (VDW) / Casimir-Polder (CP)
interaction between neutral atoms and 2D Dirac materials [8]. Here, the unique nature of electron
motion causes this interaction to have a well-defined crossover, at the scale of several hundred
nanometers, between the non-relativistic (VDW) and the relativistic, vacuum fluctuation (Casimir)
components. Therefore our proposal offers a unique, materials-based way to study these weak dis-
persion forces which are of fundamental importance in Nature (see Fig. 1 where ultracold coherent
atoms are released at low momenta near a tunable atomically flat surface), with an impact akin to
previous groundbreaking studies on the effects of microgravity on critical phenomena [9].

2 Quantum Reflection of Atoms
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Figure 3: Probing fundamental forces near

surfaces. Top: Quantum reflection coefficient for

Na atoms near pristine and (uniaxially) strained

graphene at low atomic momenta (velocities), in

units of inverse VDW length [8]. The inset shows

the high momentum part. Bottom: atomic

interferometry (AI) set-up for precision

measurement of phase shifts induced by

atom-surface interactions (see text).

One of the most fundamental quantum phenomena with
no classical analogue is above-barrier Quantum Reflec-
tion (QR). Scattering of atoms off VDW/CP potential
tails [10] can provide an extremely sensitive probe of
the strength of these fundamental interactions. QR has
been studied previously for bulk materials, for example
by using BECs [11] or narrow ultracold atomic beams.
The QR in these experiments saturated below unity due
to atomic interaction effects driven by collective excita-
tions of the quantum gas during the reflection. In order
to benefit from the unique low atomic velocities achiev-
able with BECs [12], a release from a shallow trap of
few Hz in necessary. Such traps are, however, heavily
distorted by the gravity pull on Earth. A unique feature
of 2D materials, acting as atomic mirrors, is that accurate
theoretical predictions can be made for the VDW inter-
actions and from there the QR, for a variety of materi-
als with different levels of functionalization (i.e. under
different external factors such as strain (Fig. 3), carrier
density, etc.). At very low atomic velocities the quan-
tum reflection tends to the maximum value of unity, and
the material surface acts as a perfect atomic mirror. The
atom-surface interactions can be accurately measured as
a phase shift in an atom interferometer. Here, a cold atomic sample with a small drift velocity
parallel to a surface is interrogated by four π/4 pulses such that one branch of the AI can spend
long times in the vicinity of a surface of interest (Fig. 3). These quantum sensors, as planned for
BECCAL for example, become extremely sensitive when the drift times are stretched to several
seconds as made possible by a microgravity operation.
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The phenomenon of Quantum Reflection is highly sensitive to the electronic motion in atomically thin
materials providing a route to study atom reflection from pristine, suspended materials as well as func-
tionalized 2D materials in microgravity.

3 Trapped BECs near 2D Materials as Ultrasensitive Force Sensors
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Figure 4: Bose-Einstein Condensates near 2D

surfaces. Top: Schematic diagram of confined BEC

near material showing the modification of the trapping

potential. Bottom: Calculated relative change of the

frequency of center of mass oscillations, (ω0 −ω)/ω0, for

different 2D materials, versus distance to the surface.

(unpublished calculations by the authors)

The study of trapped BECs near material surfaces
offers another opportunity to utilize the unique ca-
pabilities of BECCAL and a microgravity environ-
ment for the manipulation and thus precision mea-
surement of the VDW / Casimir force. The cold
atom trapping potential is modified due to the attrac-
tive force of the material atoms which can result in a
noticeable change in the BEC condensate’s center of
mass oscillation frequency [13] which is protected
from gravitational sagging effects (see Fig. 4). Ad-
vances in atom-on-chip techniques [14, 15], and in
particular the utilization of 2D materials such as
graphene, will make it possible to place the BEC
even closer to the material (of order hundreds of
nanometers), without suffering any losses and main-
taining high atom lifetimes. Experiments in micro-
gravity can produce ultra-coherent condensates [6]
necessary to push the boundaries of quantum force
measurement.

The predictive power of theory for trapped BECs
near 2D quantum materials is very high, as the rel-
evant potential changes can be calculated with great
accuracy for a variety of materials (an example is
provided in Fig. 4).

Theoretically-predicted frequency changes of BECs near 2D Dirac materials in microgravity show ex-
traordinary sensitivity to material parameters and therefore this set-up can be used as a powerful and
ultrasensitive probe of the nature and strength of VDW / Casimir interactions.

4 Exotic Low Dimensional Quantum Phases

Strong many-body interactions in condensed matter and atomic physics can result in the appear-
ance of complex collective states of matter, such as superconducting (charged) and superfluid
(neutral) phases that can flow without resistance as well as correlated insulators without classi-
cal analogues. Under the right conditions, brought about by changes in parameters such as the
electron density, lattice structure, application of pressure, etc., quantum phase transitions can take
place between correlated states with different symmetries at zero temperature.
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Figure 5: Quantum many-body

adsorbed phases. Top: correlated

insulator; Bottom: superfluid.

Such exotic phases are more likely to appear in lower (two or
one) spatial dimension due to a reduction in the number of local
classical constraints, however engineering them is a challenge due
to the inherent fragility of macroscopic quantum wavefunctions,
enhanced fluctuations, and competition with competing classical
energy scales (e.g. gravity). We propose:

The adsorption of light atoms on free-standing highly tunable atomi-
cally flat surfaces in microgravity will provide a route to the creation,
observation, and engineering of novel quantum phases of matter.

Here, VDW interactions again play a leading role, and control
the thickness of the adsorbed film, as well as the 2-body interaction
between atoms [8, 16]. Unlike the oft-studied case of ultra-cold
lattice gases, the scale (and even sign!) of the 2-body interaction
can be tuned in proximity to the 2D material opening up the abil-
ity to freely explore phase diagrams in a real materials platform
(see Fig. 5). The realization of atomically flat superfluid phases
offers the possibility to explore new coherent quantum phenom-
ena, with applications in quantum information science, quantum
sensing, and the construction of high precision quantum interfer-
ence devices [17] able to aid in navigation in the absence of a local
GPS system that will be essential for future planetary exploration
missions.

5 Third Sound in Superfluid Films and Emergent Pattern Formation
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Figure 6: Manipulating thin superfulid films in microgravity. Left: Third sound

velocity variation with superfluid 4He film width on graphene, (T ≪ Tλ, unpublished

calculations by the authors). Inset shows the effective VDW force responsible for the wave,

relative to earth’s gravity. Microgravity is essential to tune to the zero velocity limit. Right:

”Spinodal de-wetting pattern” [18], a variation of the film width exhibiting a characteristic

wavelength, above Tλ; the finite temperature manifestation of this critical phenomenon.

On the surface of thin su-
perfluid helium films (be-
low Tλ) the propagation
of waves with a quan-
tum origin, usually called
third sound, is possible
[19]. Most importantly,
the restoring force which
makes such a wave pos-
sible is the effective VD-
W/CP (“disjoining pres-
sure” [20]) between the
substrate – film – vacuum
boundary. In the context of
2D materials used as sub-
strates for superfluid films, such a configuration can display a unique type of “quantum critical”
surface (i.e. effectively zero temperature) phenomenon. As illustrated in Fig. 6, using graphene as
an example, and due to the fact that atomically thin materials are generically weak adsorbers (as
they are 2D!), the velocity of third sound shows a very significant variation as a function of film
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thickness and could even vanish at a critical value. Such criticality can be a very important addi-
tion to other types of critical phenomena studied in microgravity [9], and future missions focused
on this effect would be able probe quantum fluid dynamics and quantum turbulence in a regime
with a tunable velocity. At the critical film thickness, gravity would begin to directly compete with
the VDW/CP interaction and thus being able to fully arrest the surface waves crucially relies on a
microgravity environment.

If the temperature is raised above Tλ at that critical thickness, the helium will undergo a classical
phase transition to a viscous fluid, and a characteristic spinodal de-wetting pattern develops. Here,
large height variations (that can penetrate all the way to the 2D surface, see Fig. 6) can occur with
a characteristic wavelength that is material and coating dependent. Therefore we propose that:

The study of third sound wave propagation, driven by VDW / Casimir-Polder forces, for superfluid films
on graphene provides a previously-unexplored path to detect surface critical phenomena. Varying tem-
perature from the quantum critical, low temperature T ≪ Tλ regime to normal liquid, T > Tλ, results
in complex, spinodal-type (“de-wetting”) surface pattern formation which is of fundamental as well as
potentially technological importance.

Once the conditions under which the instability forms are fully understood, the phenomena could
be dynamically driven by manipulating an externally accessible knob (e.g. strain, electric gating)
in a constructive fashion enhancing the effect. This could lead to the ability to release films on
surfaces on demand in a fully reproducible manner, which could be exploited to keep important
energy generating solar materials free of dust, enhancing both their capabilities and lifetimes.

6 Outlook: Beyond Conventional Materials Science → Functional In-
telligent Materials

The phenomena discussed in this white paper are in principle possible within the present level of
our theoretical understanding and current NASA technologies. Looking beyond the horizon:

In the future the above effects can be further “designed” and engineered, in the following sense.
Given the wide variety of currently known 2D materials, it is potentially feasible to construct
materials, using artificial intelligence [21] with specific properties, optimized in such a way that
their interaction with atoms has the desired strength for a given desired functionality. This could
provide unprecedented control over the fundamental van der Waals / Casimir-Polder force, never
previously achieved in a theoretical or laboratory setting. The NASA fundamental physics pro-
gram can play a decisive role in this process through its unique ability to provide an accessible
microgravity laboratory able to probe the quantum effects of atoms near 2D materials. Interesting
opportunities in this regard are of course the planned bilateral mission BECCAL but also other
multi-user facilities in simulated microgravity such as the Einstein Elevator in Hanover, Germany
(see white paper “Earth-based platforms for microgravity research on ultra-cold atom devices for
space applications”).
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