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Atoms deposited on 2D electronic materials, such as graphene, can exhibit
unconventional many-body correlations, not accessible in other settings. All
of these are driven by van der Waals forces: between the atoms themselves
and atom-material interactions. For example “He atoms on 2D materials

can potentially form a variety of exotic quantum states of matter, such as

2D supersolids and superfluids, in addition to solid phases. For the “most
quantum” case of a single helium layer we discuss, from a theoretical per-
spective, how the effective low-energy (Bose—Hubbard) description can take
advantage of the extreme sensitivity of this unique system to the interplay
between the atomic (helium) and solid-state (graphene) components. Due to
the extraordinary variety and tunability of 2D electronic materials, it is envis-
aged that a wide range of correlated atomic phases can be realized under
favorable conditions. Exciting possibilities in the opposite extreme of many
atomic layers forming a liquid on top of graphene are also outlined —in this
case a so-called “spinodal dewetting” pattern can form at the liquid—vapor
interface which reflects the presence and electronic properties of graphene
underneath. Such patterns could be manipulated by choosing different atoms

develop low-energy effective descriptions
which correctly predict the nature of dif-
ferent phases.

Interactions between neutral atoms and
materials, and between pairs of atoms, are
of van der Waals (VDW) nature.[!. They
control a wide variety of physical phe-
nomena ranging from extreme quantum
behavior of atomic gases near material
surfaces,4 to collective properties of thin
liquid films forming on material sub-
strates.’] In this perspective, we describe
these two regimes of many-body behavior,
and various routes toward manipulating
it, for the benefit of improving our theo-
retical understanding of correlated phe-
nomena, and potentially exploiting it for
novel future technologies.

An important and unique feature of
atoms on 2D materials, such as graphene,
is the opportunity of exploiting the great

and materials, with potential technological applications.

1. Van Der Waals Interactions as a Source of
Many-Body Collective Behavior

The strength and range of two-particle interactions, combined
with particle statistics, are essential ingredients in determining
many-body collective behavior. This includes the possibility of
complex collective states of matter, such as superconducting/
superfluid phases and correlated Mott insulators. Under the
right conditions, which usually depend on changes in param-
eters such as electron density, lattice structure, application
of pressure, etc., quantum phase transitions can take place
between correlated states with different symmetries at zero
temperature.l!l Since it is extremely difficult to exactly take
into account strong interaction effects, a fruitful approach is to

tunability of their properties. We thus

envisage this system to be a novel plat-

form for studies of atomic many-body
states and quantum phase transitions directly in a solid-state
setting. Quantum effects are most important for the first layer
of atoms, while for many atomic layers forming a liquid, the
VDW forces control wetting phenomena and surface instabili-
ties, such as spinodal dewetting.

When we consider atoms on top of graphene for example,
it is evident that the extreme sensitivity of VDW interactions
to the underlying lattice and electronic properties is unique to
solid-state environments where the atom-atom two-body poten-
tial range and the lattice spacing are comparable. Consequently,
one can follow a variety of directions to manipulate 2D material
properties, which will in turn significantly alter atom—2D mate-
rial potentials. For example, graphene and other 2D materials,
such as members of the dichalcogenides family (MoSe,, MoS,,
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WSe,, WS,), can withstand mechanical strain of at least twenty
percent,l®’] leading to substantial changes in their electronic
properties.}#71 Changes in the electronic environment lead to
changes in polarization properties of the 2D layers, and there-
fore ultimately manifest themselves in different van der Waals
potentials that atoms experience close to the 2D sheets. The
dichalcogenides are already quite different from graphene, as
they exhibit an electronic gap and thus weaker polarization. 2D
materials can also be arranged geometrically to achieve desired
properties.''12 The possibilities for novel electronic states are
almost boundless: for example, twisted graphene bilayers at
“magic” angles can become strong Mott insulators and even
unconventional  superconductors.'3  Tendencies toward
strong electronic localization in twisted graphene layers, or for
graphene on structurally similar substrates,>!) would inevi-
tably result in different atom-material interactions. We propose
a research direction based on the realization that changes in
the local lattice and electronic structure due to external factors,
or working with different members of the 2D material family,
would result in substantially different VDW forces and by
extension a greater variety of many-body behavior.

2. Atoms Near Graphene

A system of N indistinguishable atoms located at {r,---,ry}
proximate to a pristine graphene membrane can be described
by the microscopic Hamiltonian

72
H=—%Zf\i1 Viz +Zf\i1 VHe—G(ri)”'Ziq‘ V te-ne(T: ) (1)

where the interaction between the atoms and graphene (Vy._q)
as well as that between atoms (Vi_ne) are of van der Waals
origin. In this perspective, we focus on “He adsorbates. They
represent an ideal candidate, as they are light, highly sym-
metric (thus having rather weak VDW interactions) and exhibit
quantum behavior, including superfluidity in the bulk. While
an empirical form of Wy has been determined to high
accuracy by fitting to known experimental results, 7"l the
adsorption potential V. ¢ has greater uncertainty,>?% with a
commonly used form involving the sum of individual spheri-
cally isotropic 6 — 12 Lennard-Jones interactions between *He
and C. The long-range part (i.e., the attractive potential tail)
of Vuec(2)~—2z", in the intermediate distance range, has
been thoroughly investigated.>222 1t is also quite sensitive to
external factors such as strain and chemical potential (electron
density).

Near graphene, but at low values of the partial pressure of
“He gas, interactions between helium atoms can be neglected
(Vhie-re=0), and atoms will be strongly attracted to the centers
of the hexagons formed by the graphene lattice as depicted in
Figure 1a. The result will be adsorbed atoms with a nearly mon-
olayer density profile.?*?’ In this limit, the potential Vy. ¢
appearing in Equation (1) can be approximated as being effec-
tively 2D and described by only three numbers: its minimum
(Vis), maximum (Vii2), and saddle-point (Vih._c) values as
shown in Figure 1b with the corrugation fully determined by
the smallest two reciprocal lattice vectors of graphene. These
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Figure 1. a) A helium atom located a distance z above a graphene hex-
agon center which form a triangular lattice. b) The helium—graphene
adsorption potential VHe-G at its minimum value z= 3 A above the mem-
brane. The potential can be approximated using only three numbers: the
distance between the minimum and maximum (Vi&c — Vii"¢) ~ 20 K
and that between the saddle point and maxima (V{in . — Vi _¢) ~ 20 K).
It's overall minimum (V{e_¢ = =150 K) controls the binding energy.
values were recently determined via four different many-body
methods, and the resulting single-particle Hamiltonians were
diagonalized to obtain the band structure for a single “He atom
on graphene. The results for the lowest band along a high-
symmetry path in reciprocal space are shown in Figure 2.

There is considerable agreement across different methods
and the form of the dispersion is constrained by symmetries of
the adsorption potential. In the tight-binding approximation on
the triangular lattice

g(k)—so :—2t|:COS(kxa)+2cos(k;a }os(@] (2)

where a =+/3a, is the lattice spacing, and &, is an energy offset.
Equation (2) is plotted as solid lines in Figure 2 and the agree-
ment (combined with a ubiquitous gap in the spectrum!) sup-
ports a description of the system in terms of an effective 2D
model of “He atoms hopping on the sites of a triangular lattice.
Moreover, a hopping (tunneling) matrix element ¢t = 1 K can be
extracted from the bandwidth (or overlap of maximally localized

A Wannier M

Figure 2. The single-particle lowest energy bands computed from an
effective He-graphene adsorption potential determined from the empirical
potential in Equation (1) (Wannier), or by computing adsorption energies
in the plane via quantum Monte Carlo (QMC), density functional theory
(DFT), and Mgller—Plesset perturbation theory (MP2). Lines show the
tight-binding prediction in Equation (2) without any fit parameters using
t determined from the method-dependent bandwidths (9¢) along the high
symmetry path in the first Brillouin zone indicated in the inset.
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Wannier functions for helium atoms located at neighboring
sites on the triangular latticel?6%7)).

Having understood the single particle problem, it is natural
to ask what happens at higher densities (but below first layer
completion), where the interaction term Wi ne in Equation (1)
begins to play a dominant role. The result will be a low-energy
description in terms of one of the simplest and most famous
models in condensed matter physics: the Bose—Hubbard
model.?8]

3. Correlated Phases of Atoms on Graphene

The high-energy microscopic Hamiltonian in Equation (1)
describing *He on graphene or graphite has been previously
studied,?>?%-32 including identifying the equation of state,
and layer completion near filling fraction f= 2/3. However, the
importance of obtaining an effective low energy description
can be understood as motivating a large family of models to
describe the possible properties, quantum phases, and phase
transitions of light atoms near 2D materials.

For *He on graphene, the appropriate description is!*l

H=-t) (b/bj+h.c)+ VY pn+V' Y mn;+-- 3)
o () (i)

where b; (b]) destroys (creates) an atom at site i of the triangular
lattice formed by the graphene hexagon centers occupied by at
most n; =bb; atom(s), and [b;,b/]=8,; captures the bosonic
nature of “He. The hopping t is fixed by the lattice potential of
graphene (Figure 1a), and V, V' are the (nearest), and ((next-
nearest)) neighbor interactions between *He atoms. Interac-
tions beyond second neighbor will be present due to the tails
of the dispersion interaction between adsorbed atoms (as indi-
cated by the ellipsis).

This model is both conceptually and technically different
from those usually studied in dilute cold atom systems,?*?!
where the two-body interaction can be taken to have a zero-
range pseudo-potential form, determined by the scattering
length. In that case, the optical lattice wavelength and the
atomic confinement scale are much larger than the spatial
range of the potential, and consequently the one- and two-
particle length-scales are well-separated during the construc-
tion of the associated soft core Bose~Hubbard model. Quantum
phase transitions can be observed between superfluid and insu-
lating Mott phases®*3* while more complicated models have
been constructed to describe dipolar atomic gases (involving
longer-range interactions) and Bose-Fermi mixtures.’>3 In
all these cases, as opposed to the He-graphene system studied
here, the dominant interaction term is of the soft-core type:
Un;(n; — 1)/2 with U/V large but finite, and experimental tun-
ability comes from manipulating the strength of the one-body
lattice potential (t).

The situation in Equation (3) is markedly different, due to
the fact that the adsorbed helium atoms are in a solid-state
lattice environment, where the characteristic extent of their
atomic wave-functions and the range of the two-body He-He
potential are comparable to each other, both on the scale of
several angstrom. Consequently, the one- and two-particle
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properties cannot be clearly separated, and the effective model
parameters have to be determined in a self-consistent manner
via many-body techniques. The model then describes hard-
core bosons (U = ) since the two-body repulsion is extremely
strong on the scale of a single graphene adsorption site. The
phase diagram of Equation (3), with only nearest neighbor
interactions (¢t — V model) on the triangular lattice can be ana-
lyzed within the mean-field theory,*”8 as shown in Figure 3.
This result is known to be in qualitative agreement with lat-
tice quantum Monte Carlo for hard-core bosons with extended
interactions.39#1

An analysis of the first layer of “He on graphene in the con-
text of the hard-core Bose-Hubbard model™ firmly places it
in the insulating phase at 1/3 filling with atoms occupying 1/3
of triangular lattice sites, separated by v/3a,, where ay =~ 1.4 A is
the carbon—carbon distance.

Below we briefly summarize how these results were obtained
as it highlights the extreme sensitivity of model parameters to
physics at the lattice scale.

A conventional approach (for ultra-cold atoms in optical lat-
ticesl?*3%)), to deriving the on-site (U), nearest (V), and next-
nearest (V') interaction terms in effective Bose-Hubbard
models, involves convolving the localized single-particle den-
sities on proximate lattice sites computed from single particle
Wannier functions (Figure 2) with the two-body interaction
potential. However, this approach fails here, and does not give
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Figure 3. Mean field phase diagram for hardcore bosons on the triangular
lattice as a function of the chemical potential 1 and hopping strength t
measured in units of the nearest-neighbor repulsion V. First-order phase
transitions between commensurate solid phases at filling fractions f=1/3
(schematic upper left) and f=2/3 and a superfluid phase are shown with
solid lines. Continuous second-order phase transitions to a superfluid
and supersolid phase (co-existing superfluid and positional order) are
indicated with dashed lines with cartoon depictions displayed at the top.
The data points are recent results taken from ref. [4] for four methods:
Hartree-Fock (HF), quantum Monte Carlo (QMC), density functional
theory (DFT), and Mgller—Plesset (MP2). They localize the ground state
of *He on graphene in the f=1/3 commensurate solid phase. All data,
code, and scripts needed to reproduce the results are included ref. [42].
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Figure 4. The interaction potential energy between two helium atoms
in vacuum Ve-re from the empirical potential introduced in refs. [17,18]
(red line), density functional theory (DFT, blue line), and Meller—Plesset
perturbation theory (MP2, green line). The data points indicate strong
corrections with respect to the bare two-body potential for two nearest
neighbor adsorbed atoms separated by 3a (V), and for the next-nearest
neighbor V" at 3a,, computed with the many-body methods described in
the text. The upper left inset details the adsorbed configuration, while the
lower one shows a zoomed in version of V.

physically meaningful results due to the spatial extent of the
hard-core of Viie-ne which is on the order of the nearest-neighbor
lattice spacing /3ao, (as opposed to being a dfunction) as
shown in Figure 4.

This immediately leads to U = « (two “He atoms cannot
simultaneously occupy a single lattice site and still take advan-
tage of the adsorption potential) and the correct effective
description is in terms of the hard core Bose—-Hubbard model
defined in Equation (3). To accurately compute the values of the
nearest (V) and next-nearest (V') interaction parameters, prop-
erly computed many-body wavefunctions must be employed to
determine the total energy from interactions between atoms at
separations /34, and 3a, as shown in Figure 4. The renormali-
zation from the bare interaction for point-like helium atoms
fixed at these separations can be quantified by the distance
between symbols and solid lines. The resulting model param-
eters: V=50 Kand V' = — 2 K are remarkably consistent across
different many-body methods with specific values reported in
ref. [4], shown as symbols in Figure 3, and included in Table 1.

The effects of interactions can be clearly seen in the planar
density of helium in the first layer (p(x, y)) shown in Figure 5
computed with T'= 0 ground state quantum Monte Carlo.

Table 1. Parameters of the effective hard-core Bose-Hubbard model
describing “He on pristine graphene defined in Equation (3). We report
values from ref. [4] for four different many-body methods: Hartree—Fock
(HF), quantum Monte Carlo (QMC), density functional theory (DFT),
and Mgller—Plesset perturbation theory (MP2). The hopping t is deter-
mined from the single-particle band structure reported in Figure 2.

Method £ (K) V (K) V' (K) 1V
HF 1.45 69.7 —2.08 0.021
QMC 138 54.3(1) -2.76(2) 0.025
DFT 1.10 214 -136 0.051
MP2 0.59 515 -1.97 0.01
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Figure 5. The density of “He atoms in the plane p(x, y) obtained from
ground state quantum Monte Carlo simulations of N = 48 “He atoms
0N Ngraphene = 48 adsorption sites. Only a portion of the cell is shown.
The upper plot is a cut through y = 0 showing the extreme spatial local-
ization of wavefunctions at unit filling in comparison to the extended
single-particle ones (grey shaded region) computed by QMC. Nearest
neighbor (V) and next-nearest neighbor (V) couplings in the effective
Bose—Hubbard description are indicated with solid and dashed lines.

Here, the upper panel compares a cut through the full many-
body wavefunction (p(x, 0)<¥(x, 0)?) with that of a single
*He atom on graphene (shaded region), which extends into
neighboring lattice sites, consistent with the finite hopping ¢
described above. This picture illustrates the aforementioned
problem of computing V and V' from single-particle Wan-
nier functions that necessitates the use of many-body and ab
initio methods.

With the location of the ground state of helium on graphene
now pinpointed on the phase diagram of the extended hard-
core Bose-Hubbard model (see Figure 3), we now appeal to pre-
vious efforts simulating this much simpler lattice system[3%-*!
as opposed to the full 3D microscopic Hamiltonian. The phase
diagram is rich, and includes both superfluid and supersolid
phases that are proximate to the filling fraction 1/3 insulator
that may be potentially realizable in this solid state context. The
addition of a next-nearest-neighbor V' further enhances the
phase space of interesting physics. We note that this is purely
due to the hard-core nature of the interaction (U = o) which
imposes geometrical and energetic constraints not present in
soft-core Bose—Hubbard models with finite U familiar in the
context of ultra-cold atoms.

The natural question then arises if *He on graphene can
be studied in the laboratory, and whether or not the resulting
effective Hamiltonian is tunable. There exists vast experimental
expertisel®! in the preparation and measurement of adsorbed
superfluid helium films, and equivalent but nonoverlap-
ping efforts to prepare pristine suspended graphene.l*¢~ We
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Figure 6. Effects of anisotropic strain. a) The single-particle adsorption
potential between “He and graphene for an atom approaching the center
of a hexagon as a function of the height z above the sheet. As strain
in the armchair direction of relative strength 6 is applied, the potential
minimum is reduced and its position is pushed to larger z. b) Taking this
modified potential into account, the effective hopping t now becomes
anisotropic (inset) and the values are strongly affected by strain. c) Strain
also severely modifies the nearest neighbor adsorption potential V, as
calculated via density functional theory, and drive a change from repulsive
to attractive interactions.

propose that the combination of these two research directions,
combined with the inherent tunability of 2D systems described
in the introduction may provide a novel platform to explore
exotic low-dimensional quantum phenomena. As a tantalizing
example of how this tunability could be used to engineer a
quantum phase transition, in Figure 6a we show how the single-
particle adsorption potential between helium and graphene is
effected by the presence of anisotropic strainl® quantified by the
length of the carbon—carbon bond in the armchair direction.
The binding energy of a *He atom to the center of a hexagon
is reduced and the location of an adsorbed layer is pushed to
larger values of z above the graphene. Such a modified poten-
tial has a remarkable effect on the parameters of the effective
Bose-Hubbard model (Equation (3)) and in Figure 6 we show
that the now anisotropic hopping (b) and nearest neighbor
interaction (c) parameters exhibit strong dependence on the
amount of applied strain. While it is not surprising that as the
lattice is stretched in the armchair direction, hopping (t,) would
be suppressed between a subset of the now further apart ani-
sotropic triangular lattice sites, the behavior of V, is striking.
At relatively weak strain, density functional theory predicts a
crossover from repulsive to attractive interactions at nearest
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neighbor. This would potentially stabilize a single adsorbed
layer of helium at higher filling fraction that could undergo a
transition to a purely 2D superfluid, or even anisotropic super-
solid phase. Much work remains to be done, and we envision
that the search and discovery of such phases will drive new dis-
coveries in low dimensional electronic materials.

We summarize some expectations, and exciting directions,
based on general principles described here and known 2D
material characteristics, for possible properties and collective
phases of atoms (in particular He) on different 2D materials.
1) Based on the analysis above, mechanical strain, such as uni-
axial graphene deformations, can be a powerful tool for studies
of zero temperature quantum phase transitions between insu-
lating and superfluid phases. While insulating phases are
expected to be stable at higher temperature, studying superflu-
idity will require entering a low-temperature regime. 2) Doping
of graphene (with electrons or holes) makes it fully metallic and
in general the VDW interaction with helium would become
stronger, due to the larger graphene polarization. This would
translate into a stronger tendency toward insulating behavior,
but further analysis is needed. 3) The application of a magnetic
field (perpendicular to the membrane) leads to Landau level for-
mation for the graphene electrons and consequently a reduction
of electronic polarization.*”! The resulting weaker adsorption
potential will potentially favor superfluidity in a continuously
tunable fashion. 4) The application of spatially nonuniform
strain, designed specifically to produce a uniform pseudo-
magnetic field in a region of space, could also be additionally
engineered into a superlattice structure.’% As even relatively
weak strain can produce an enormous effective pseudo-field,
this could potentially enhance the behavior suggested in (3).
5) The ability to create and manipulate a Moire superlattice in
twisted bilayer graphene leads to the possibility, dependent on
electronic filling, of the graphene quasiparticles switching from
insulating to metallic behavior (indeed even superconducting
at low temperatures).3 This means that atoms deposited on
such a system are certain to experience dramatically changing
VDW potentials, as a function of the electronic filling in the
layers. These represent only subset of possibilities that would
allow for engineering of the microscopic interactions and
phases of the *He-graphene system.

It is also exciting to think that 3He can be used instead of
*He, which would lead to an effective fermionic model.”! Tt is
well known that the VDW potentials for *He are quite similar
to the bosonic *He, while *He also tends to exhibit rich physics
related to its spin and orbital degrees of freedom (such as ani-
sotropic superfluidity, nontrivial topological defects and tex-
tures, etc.).l’?

4. Liquid Films on Graphene and Spinodal
Dewetting

Next, we extend our discussion to multilayered systems that
consist of liquids deposited on top of graphene. Such hybrid
arrangements exhibit features associated with partial wetting
and even the so-called spinodal dewetting which reflects a spon-
taneous surface instability beyond a critical film width. These
effects are due to the 2D nature of graphene and indeed are
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Figure 7. Atoms adsorbed on suspended graphene and forming a liquid
film of equilibrium width h.

expected to occur also in other 2D materials as well since they
all act as “weak adsorbers.” Unlike the previous discussion of
quantum effects in the first layer which were governed, in large
part, by the short-range components of the VDW interactions,
the physics of wetting reflects the nature and strength of the
longer-range VDW interaction components between the atoms
of the liquid and the atoms and the substrate.>*> 2D mate-
rials in the suspended configuration are weak adosrbers in a
sense that the material-liquid forces may not be strong enough
to ensure stable film growth for any film thickness.

A very successful theory which describes the free energy of a
substrate-liquid-vapor system for bulk dialectic substrates is the
so-called Dzyaloshinskii-Lifshitz—Pitaevskii (DLP) theory.255->8l
It is the standard many-body approach to such layered struc-
tures and relies on the knowledge of the dielectric functions of
all substances involved (the liquid vapor is usually treated as
vacuum). The discovery of graphene on the other hand makes
it possible to imagine a greater variety of layered arrangements,
such as “suspended” graphene with liquid on top, as shown in
Figure 7, or graphene on a bulk dielectric substrate, with liquid
on top of graphene, etc. The conventional DLP theory was
recently successfully extended to describe such novel hybrid
situations.’! Moreover, the theory and its predictions were
extended to practically any 2D material, such as the members
of the dichalcogenides family (MoSe,, MoS,, WSe,, WS,).>11:5
Liquids formed by light atoms, such as He, H,, and N,, can
be studied with great theoretical accuracy. Graphene is gener-
ally impermeable to light atoms!®*!l while the behavior of more
complex fluids, like water, is harder to model.

Let us highlight the two main advantages of using 2D
materials for studies of wetting and liquid film growth: 1) As
mentioned above, being purely 2D structures, materials like
graphene can be engineered and arranged in various configura-
tions. The most exotic of those is the “suspended” configura-
tion (Figure 7). 2) The polarization function of 2D materials can
be calculated with great accuracy. This in turn leads to an excel-
lent description of VDW forces. Moreover the polarization of
graphene reflects its characteristic Dirac-like electronic disper-
sion which can be affected by external factors such as applica-
tion of mechanical strain,*'” change in the chemical potential
(addition of carriers),®%2 change in the dielectric environment
(i-e., presence of a dielectric substrate affecting screening), etc.
The polarization properties of other 2D materials (such as the
dichalcogenides family) can also be accurately computed.P! This
means that VDW-related properties and the conditions for film
growth can be in principle effectively manipulated.
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Figure 8. Disjoining pressure I1(h) for N, liquid on top of suspended gra-
phene.l®¥l Light liquids made of He and H, show similar overall behavior,
but with different scales. The spinodal dewetting instability takes place
for h > h*.

Because graphene is an atomically thin material, it exerts
a relatively weak VDW force on the atoms of the film (“weak
adsorber”). The energy balance governing liquid film growth
under equilibrium conditions depends on the balance of VDW
interactions (at a given width h) between the atoms of the liquid
and the substrate (graphene), and the atom-atom interactions
themselves. In the context of wetting, it is very useful to intro-
duce the concept of disjoining pressure, I1(k), which is related
to the change (as a function of h) of the VDW energy of the
system, for example, in the configuration shown in Figure 7
The disjoining pressure describes the effective force per unit
area between the two boundaries of the system (liquid-vapor
and liquid-graphene), or, equivalently, the difference between
the pressures in the finite-width film and the bulk phases. 23354
Calculations performed in recent work>%3 show the behavior
presented in Figure 8, which appears to be generic for light
liquids on graphene. A change in the sign of TI(h) at a critical
h = h, guarantees a minimum of I1(h) at h* > h,, with a change
in the sign of dIl(h)/dh at h* (since in the bulk limit IT(h) — 0,
h — oo, due to the VDW origin of Il). While in the range of
widths h, < h < h* the surface is expected to be metastable, it is
known that the regime where dIl(h)/dh > 0, that is, for widths
h > h*, corresponds to an instability,>**+%"] which in the pre-
sent context is called spinodal dewetting. The phenomenon of
spinodal dewetting itself has a long historyl®®! and has been
theoretically predicted and detected in numerous situations
involving polymers, liquid metals, etc.B*6466.6873 The most
important feature is the formation of surface patterns exhib-
iting characteristic spinodal wavelengths, which evolve on
length and time scales dependent on the form of I1(h) and on
the liquid’s viscosity and surface tension. The patterns form
spontaneously, reflecting the instability of the liquid (width
h > h*), subject to any initial surface disturbance.

Recent work has shown a new path toward creating and con-
trolling spinodal dewetting patterns for light liquids forming
on suspended graphene and other members of the 2D mate-
rial family.>®3 A typical pattern is shown in Figure 9. The
spinodal wavelengths are generally quite long compared to
the critical film thickness h* for spinodal onset (which is
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ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

hi= The
(36 A)

h = 9h.
(324 A)

10.5 pm

Figure 9. Spinodal dewetting pattern (at intermediate time of the pat-
tern evolution) for N, liquid on top of suspended graphene, for initial
uniform width h = 3h, > h*.1%1 “Drier” regions extend down to h, and the
maximum width fluctuation is +9h,. The characteristic spinodal wave-
length A =Tpm.

up to several hundred A), and range between A =1um and
A =100 um, depending on the liquid and the material involved.
On the solid-state (material) side, there are numerous factors
that affect h, and 4; for example doping of graphene (adding
carriers), application of strain, replacing graphene with dichal-
cogenides (which creates a gap in the electronic spectrum),
and various combinations of the above factors. Table 2 pre-
sents several examples. 2D materials are quite special in this
regard because any modification of their electronic structure by
application of various factors, as outlined above, leads to well-
defined changes in the polarization properties which in turn
affects conditions for film growth within an accepted recent
theoretical framework.>%3 Consequently this creates, at least
from a theoretical viewpoint, a unique type of functionality
and therefore, potentially, a universal theoretical and techno-
logical platform for studies of spinodal dewetting. Dewetting
phenomena are known to be of great technological significance
in the context of micro-patterning where film structure and
length-scale control is very important./3]

We also comment on additional factors that could poten-
tially influence the behavior described above. 1) In suspended
graphene, acoustic flexural (out-of-plane) phonons are present
which can cause ripples on the scale of tens of A at room tem-
perature.B747l Placing graphene on a scaffold, substrate, or
under tension, modifies this substantially, that is, quenches
the flexural fluctuations. In addition, geometrical effects like
bending of the graphene sheet can cause some modifications
of the VDW potential which in principle could be taken into
account.?l 2) Temperature can modify the VDW potentials,
however its effects are generally significant only at larger dis-
tances.>*’l For example the shape in Figure 8 is effectively the
same at small or room temperature in the distance range rele-
vant to the problem (as explained in the supplement to ref. [5]).
The main limiting factor (as far as temperature is concerned)
in the analysis is the type of liquid used in calculations: all light
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Table 2. The length-scale h, for “He (taken as candidate adsorbate),
which corresponds to the change of the disjoining pressure sign (simi-
larly to Figure 8 for N,), for various suspended 2D material configura-
tions. Here & is the Fermi energy above the Dirac point in graphene.
The results are based on calculations in ref. [5] and the existence of a
finite h, guarantees the development of a spinodal dewetting instability
(at b* > h;). The values of h,, h*, and the spinodal wavelengths that
follow, are strongly liquid and material dependent. The critical width h,
increases as graphene evolves from neutral to more metallic, while it
is considerably shorter for the members of the dichalcogenides family.

2D material h, (A)
Graphene (neutral semimetal) 300
Doped graphene (& =0.3eV) 360
Doped graphene (& = 0.5eV) 410
WS, (insulator) 175
WSe, (insulator) 180
MoS, (insulator) 178
MoSe, (insulator) 184

liquids mentioned in Figure 8 are stable only well below one
hundred degrees Kelvin. It would be interesting to test the pre-
dictions both theoretically and experimentally for more com-
plex molecular or multi-component liquids. Overall we expect
the analysis related to the existence of the spinodal dewetting
instability to be quite robust as it depends on, and illustrates,
the “universal” aspects of 2D materials and their interactions
with atoms. Any additional modifications would have to be
done on a case by case basis and reflect the changes of material
and atomic properties under given experimental conditions.

5. Concluding Remarks

We have outlined the physics behind two important sets of col-
lective atomic phenomena, where the presence of graphene,
and indeed many of the other 2D materials, would make a
crucial difference for our ability to “engineer” an atomic many-
body state with desired characteristics. The field of 2D elec-
tronic materials has progressed at an incredible pace since
graphene’s discovery in 2004, and modern technology allows
for extraordinary level of manipulation of lattice and electronic
characteristics. We have argued that atoms could respond quite
readily to changes in these material properties, and thus could
arrange themselves in correlated atomic states which previously
were not possible to observe and study. We hope this theoretical
perspective stimulates further work in the field, literally at the
interface of atomic and condensed matter many body physics.

Acknowledgements

The authors dedicate this perspective to our late colleague, Dr. Darren
Hitt, former director of the VT Space Grant Consortium. Darren’s
leadership, encouragement, and vision to expand the scope of space
grant activities in Vermont was essential to forming our interdisciplinary
collaboration. This work was supported, in part, under NASA grant
number 80NSSC19MO0143. Computational resources were provided by
the NASA High-End Computing (HEC) Program through the NASA
Advanced Supercomputing (NAS) Division at Ames Research Center.

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

Conflict of Interest

The authors declare no conflict of interest.

Keywords

2D electronic materials, correlated atomic states of matter, graphene,
many-body physics

Received: June 13, 2021
Revised: August 18, 2021
Published online: October 12, 2021

[1 S. Sachdev, Quantum Phase Transitions, 2nd ed., Cambridge University
Press, Cambridge 2011.

[2] J. N. Israelachvili, Intermolecular and Surface Forces, Academic
Press, New York 2011.

[3] N. S. Nichols, A. Del Maestro, C. Wexler, V. N. Kotov, Phys. Rev. B
2016, 93, 205412.

[4] ). Yu, E. Lauricella, M. Elsayed, K. Shepherd, N. S. Nichols,
T. Lombardi, S. W. Kim, C. Wexler, J. M. Vanegas, T. Lakoba,
V. N. Kotov, A. Del Maestro, Phys. Rev. B 2021, 103, 235414.

[5] S. Sengupta, N. S. Nichols, A. Del Maestro, V. N. Kotov, Phys. Rev.
Lett. 2018, 120, 236802.

[6] C. Lee, X. Wei, |. W. Kysar, ]. Hone, Science 2008, 321, 385.

[7] R. C. Cooper, C. Lee, C. A. Marianetti, X. Wei, J. Hone, J. W. Kysar,
Phys. Rev. B 2013, 87, 035423.

[8] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
A. K. Geim, Rev. Mod. Phys. 2009, 81, 109.

[9] G. G. Naumis, S. Barraza-Lopez, M. Oliva-Leyva, H. Terrones, Rep.
Prog. Phys. 2017, 80, 096501.

[10] B. Amorim, A. Cortijo, F. de Juan, A. G. Grushin, F. Guinea,
A. Gutiérrez-Rubio, H. Ochoa, V. Parente, R. Roldén, P. San-Jose,
J. Schiefele, M. Sturla, M. A. H. Vozmediano, Phys. Rep. 2016,
617, 1.

[11] K. S. Novoselov, A. Mishchenko, A. Carvalho, A. H. Castro Neto,
Science 2016, 353, 461.

[12] A. K. Geim, I. Grigorieva, Nature 2013, 499, 419.

[13] Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken, J. Y. Luo,
J. D. Sanchez-Yamagishi, K. Watanabe, T. Taniguchi, E. Kaxiras,
R. C. Ashoori, P. Jarillo-Herrero, Nature 2018, 556, 80.

[14] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras,
P. Jarillo-Herrero, Nature 2018, 556, 43.

[15] B. Uchoa, V. N. Kotov, M. Kindermann, Phys. Rev. B 2015, 91, 121412.

[16] K. Seo, V. N. Kotov, B. Uchoa, Phys. Rev. Lett. 2019, 122, 246402.

[17] M. Przybytek, W. Cencek, ). Komasa, G. tach, B. Jeziorski,
K. Szalewicz, Phys. Rev. Lett. 2010, 104, 183003.

[18] W. Cencek, M. Przybytek, ). Komasa, J. B. Mehl, B. Jeziorski,
K. Szalewicz, J. Chem. Phys. 2012, 136, 224303.

[19] A. Del Maestro, heprops: A python package implementing useful
properties of the chemical element helium at low temperature,
2021, https://github.com/agdelma/heprops.

[20] L. Bruch, M. Cole, E. Zaremba, Physical Adsorption: Forces and
Phenomena, Dover Books on Physics. Dover Publications, Mineola,
NY 2007.

[21] Y. V. Churkin, A. B. Fedortsov, G. L. Klimchitskaya, V. A. Yurova,
Phys. Rev. B 2010, 82, 165433.

[22] M. Chaichian, G. L. Klimchitskaya, V. M. Mostepanenko, A. Tureanu,
Phys. Rev. A 2012, 86, 012515.

[23] M. C. Gordillo, ). Boronat, Phys. Rev. Lett. 2009, 702, 085303.

[24] L. Reatto, D. E. Galli, M. Nava, M. W. Cole, J. Phys.: Condens. Mater.
2013, 25, 443001.

Adv. Electron. Mater. 2022, 8, 2100607

2100607 (8 of 9)

MATERIALS

www.advelectronicmat.de

[25] J. Happacher, P. Corboz, M. Boninsegni, L. Pollet, Phys. Rev. B 2013,
87,094514.

[26] D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, P. Zoller, Phys. Rev.
Lett. 1998, 81, 3108.

[27] C. Becker, P. Soltan-Panahi, ). Kronjager, S. Dérscher, K. Bongs,
K. Sengstock, New J. Phys. 2010, 12, 065025.

[28] H. A. Gersch, G. C. Knollman, Phys. Rev. 1963, 129, 959.

[29] P. Corboz, M. Boninsegni, L. Pollet, M. Troyer, Phys. Rev. B 2008, 78,
245414.

[30] L. Bruch, M. W. Cole, H.-Y. Kim, J. Phy.: Condens. Mater. 2010, 22,
304001.

[31] M. C. Gordillo, C. Cazorla, J. Boronat, Phys. Rev. B 2011, 83, 121406(R).

[32] L. Vranje$ Marki¢, P. Stipanovi¢, I. Besli¢, R. E. Zillich, Phys. Rev. B
2013, 88, 125416.

[33] 1. Bloch, ]. Dalibard, W. Zwerger, Rev. Mod. Phys. 2008, 80, 885.

[34] W. S. Bakr, A. Peng, M. E. Tai, R. Ma, J. Simon, J. I. Gillen, S. Folling,
L. Pollet, M. Greiner, Science 2010, 329, 547.

[35] M. Lewenstein, A. Sanpera, V. Ahufinger, B. Damski, A. Sen(De),
U. Sen, Adv. Phys. 2007, 56, 243.

[36] O. Dutta, M. Gajda, P. Hauke, M. Lewenstein, D.-S. Luhmann, B.
A. Malomed, T. Sowiriski, ). Zakrzewski, Rep. Prog. Phys. 2015, 78,
066001.

[37] N. Gheeraert, S. Chester, M. May, S. Eggert, A. Pelster, in Selfor-
ganization in Complex Systems: The Past, Present, and Future of Syn-
ergetics (Eds: G. Wunner, A. Pelster), Springer, Berlin, Heidelberg
2016.

[38] G. Murthy, D. Arovas, A. Auerbach, Phys. Rev. B 1997, 55, 3104.

[39] S. Wessel, M. Troyer, Phys. Rev. Lett. 2005, 95, 127205.

[40] J.-Y. Gan, Y.-C. Wen, Y. Yu, Phys. Rev. B 2007, 75, 094501.

[41] X.-F. Zhang, R. Dillenschneider, Y. Yu, S. Eggert, Phys. Rev. B 2011,
84, 174515.

[42] All code, scripts and data used in this work are included in a
GitHub repository 2021, https://github.com/DelMaestroGroup/
papers-code-BoseHubbardModelHeAdsorptionGraphene.

[43] ). Dash, ). Ruvalds, Phase Transitions in Surface Films, Nato Science
Series B, Plenum Press, New York, NY 1979.

[44] P. A. Crowell, ). D. Reppy, Phys. Rev. B 1996, 53, 2701.

[45] T. McMillan, ). E. Rutledge, P. Taborek, J. Low Temp. Phys. 2005, 138,
995.

[46] ). C. Meyer, A. K. Geim, M. I|. Katsnelson, K. S. Novoselov,
T. ). Booth, S. Roth, Nature 2007, 446, 60.

[47] 1. W. Frank, D. M. Tanenbaum, A. M. v. der Zande, P. L. McEuen,
J. Vac. Sci. Technol. B: Nanotechnol. Microelectron.: Mater., Process.,
Meas., Phenom. 2007, 25, 2558.

[48] M. Kumar, A. Laitinen, P. Hakonen, Nat. Commun. 2018, 9, 1038.

[49] M. O. Goerbig, Rev. Mod. Phys. 2011, 83, 1193.

[50] F. Guinea, M. I. Katsnelson, A. K. Geim, Nat. Phys. 2009, 6, 30.

[51] I. Todoshchenko, M. Kamada, |.-P. Kaikkonen, Y. Liao, A. Savin,
M. Will, E. Sergeicheva, T. S. Abhilash, E. Kauppinen, P. Hakonen,
arXiv:2010.13748 2020.

[52] G. Volovik, The Universe in a Helium Droplet, International Series of
Monographs on Physics. Oxford University Press, Oxford, 2009.

[53] P. G. De Gennes, Rev. Mod. Phys. 1985, 57, 827.

[54] D. Bonn, ). Eggers, |. Indekeu, |. Meunier, Rev. Mod. Phys. 2009, 87,
739.

[55] I. E. Dzyaloshinskii, E. M. Lifshitz, L. P. Pitaevskii, Sov. Phys. JETP
1960, 37, 161.

[56] I. Dzyaloshinskii, E. Lifshitz, L. Pitaevskii, Adv. Phys. 1961, 10, 165.

[57] E. Lifshitz, L. Pitaevskii, Statistical Physics, Part 2. Pergamon Press,
New York 1980.

[58] V. Panella, R. Chiarello, J. Krim, Phys. Rev. Lett. 1996, 76, 3606.

[59] D. Xiao, G.-B. Liu, W. Feng, X. Xu, W. Yao, Phys. Rev. Lett. 2012, 108,
196802.

[60] J. S. Bunch, S. S. Verbridge, ). S. Alden, A. M. Van Der Zande,
J. M. Parpia, H. G. Craighead, P. L. McEuen, Nano Lett. 2008, 8, 2458.

© 2021 Wiley-VCH GmbH


https://github.com/agdelma/heprops
https://github.com/DelMaestroGroup/papers-code-BoseHubbardModelHeAdsorptionGraphene
https://github.com/DelMaestroGroup/papers-code-BoseHubbardModelHeAdsorptionGraphene

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

[61] R. R. Nair, H. A. Wu, P. N. Jayaram, |. V. Grigorieva, A. K. Geim,
Science 2012, 335, 442.

[62] V. N. Kotov, B. Uchoa, V. M. Pereira, F. Guinea, A. H. Castro Neto,
Rev. Mod. Phys. 2012, 84, 1067.

[63] ]. M. Vanegas, D. Peterson, T. I|. Lakoba,

V. N. Kotoy,

arXiv:2103.01978 2021.
[64] A. Vrij, Discuss. Faraday Soc. 1966, 42, 23.
[65] E. Ruckenstein, R. K. Jain, J. Chem. Soc. Faraday Trans. 11 1974, 70, 132.
[66] V. S. Mitlin, J. Colloid Interface Sci. 1993, 156, 491.
[67] L. D. Landau, E. M. Lifshitz, Statistical Physics, Part 1. Pergamon
Press, New York 1980.

Adv. Electron. Mater. 2022, 8, 2100607

2100607 (9 of 9)

MATERIALS

www.advelectronicmat.de

[68] A. Sharma, R. Khanna, Phys. Rev. Lett. 1998, 81, 3463.

[69] G. Reiter, A. Sharma, A. Casoli, M. O. David, R. Khanna, P. Auroy,
Langmuir 1999, 15, 2551.

[70] S. Herminghaus, Science 1998, 282, 916.

[71] A. Oron, S. H. Davis, S. G. Bankoff, Rev. Mod. Phys. 1997, 69, 931.

[72] R. Xie, A. Karim, J. F. Douglas, C. C. Han, R. A. Weiss, Phys. Rev.
Lett. 1998, 81, 1251.

[73] D. Gentili, G. Foschi, F. Valle, M. Cavallini, F. Biscarini, Chem. Soc.
Rev. 2012, 41, 4430.

[74] A. Fasolino, J. H. Los, M. I. Katsnelson, Nat. Mater. 2007, 6, 858.

[75] M. I. Katsnelson, A. Fasolino, Acc. Chem. Res. 2012, 46, 97.

Adrian Del Maestro received his Ph.D. from Harvard University and performed postdoctoral
research at the University of British Columbia and the Johns Hopkins University. He joined the
Department of Physics at the University of Vermont in 2011. In 2020, he moved to the University
of Tennessee, Knoxville, as a Professor of Physics and Astronomy with a joint appointment in the
Min H. Kao Department of Electrical Engineering and Computer Science. His research focuses
on developing high performance algorithms to attack the many-body problem at the interface of
condensed matter and quantum information physics.

Valeri Kotov graduated with MS degree in Theoretical Physics from Sofia University, “St. Kliment
Ohridski” (Bulgaria) and Ph.D. in Physics from Clarkson University (Potsdam, NY, USA). He has
held research positions at the University of Florida-Gainesville, Ecole Polytechnique Fédérale de
Lausanne (Switzerland), and Boston University. Valeri is currently a Professor of Physics at the
University of Vermont, in Burlington, Vermont, USA. His research interests are in the field of
quantum many-body theory, in particular strongly-correlated electron systems, quantum mag-
netism, and interactions in graphene and 2D electronic materials.

© 2021 Wiley-VCH GmbH



