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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.[1] Since it is extremely difficult to exactly take 
into account strong interaction effects, a fruitful approach is to 
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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 
and materials, with potential technological applications.

A. Del Maestro
Department of Physics and Astronomy
University of Tennessee
Knoxville, TN 37996, USA
E-mail: Adrian.DelMaestro@utk.edu
A. Del Maestro
Min H. Kao Department of Electrical Engineering and Computer Science
University of Tennessee
Knoxville, TN 37996, USA

A. Del Maestro, J. M. Vanegas, V. N. Kotov
Department of Physics
University of Vermont
Burlington, VT 05405, USA
E-mail: valeri.kotov@uvm.edu
C. Wexler
Department of Physics and Astronomy
University of Missouri
Columbia, MO 65211, USA
T. Lakoba
Department of Mathematics & Statistics
University of Vermont
Burlington, VT 05405, USA

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aelm.202100607.

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.[2] They 
control a wide variety of physical phe-
nomena ranging from extreme quantum 
behavior of atomic gases near material 
surfaces,[3,4] to collective properties of thin 
liquid films forming on material sub-
strates.[5] 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 
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 (MoSe2, MoS2, 
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WSe2, WS2), can withstand mechanical strain of at least twenty 
percent,[6,7] leading to substantial changes in their electronic 
properties.[3,8–10] 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.[11,12] 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.[13,14] Tendencies toward 
strong electronic localization in twisted graphene layers, or for 
graphene on structurally similar substrates,[15,16] 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 rr rrN�{ , , }1  
proximate to a pristine graphene membrane can be described 
by the microscopic Hamiltonian
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where the interaction between the atoms and graphene ( )He GV −  
as well as that between atoms −( )He HeV  are of van der Waals 
origin. In this perspective, we focus on 4He 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 −He HeV  has been determined to high 
accuracy by fitting to known experimental results,[17–19] the 
adsorption potential He GV −  has greater uncertainty,[3,20] with a 
commonly used form involving the sum of individual spheri-
cally isotropic 6 − 12 Lennard–Jones interactions between 4He 
and C. The long-range part (i.e., the attractive potential tail) 
of ( )He G

4V −−
−z z∼ , in the intermediate distance range, has 

been thoroughly investigated.[3,21,22] It 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 
4He gas, interactions between helium atoms can be neglected 

≈−( 0)He HeV , 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.[23–25] In this limit, the potential He GV −  
appearing in Equation  (1) can be approximated as being effec-
tively 2D and described by only three numbers: its minimum 
( )He G

minV − , maximum ( )He G
maxV − , and saddle-point ( )He G

spV −  values as 
shown in Figure  1b with the corrugation fully determined by 
the smallest two reciprocal lattice vectors of graphene. These 

values were recently determined via four different many-body 
methods,[4] and the resulting single-particle Hamiltonians were 
diagonalized to obtain the band structure for a single 4He 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
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where a a= 3 0 is the lattice spacing, and ε0 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[4]) sup-
ports a description of the system in terms of an effective 2D 
model of 4He 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 
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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 He GV −  at its minimum value z ≈ 3 Å  above the mem-
brane. The potential can be approximated using only three numbers: the 
distance between the minimum and maximum ( )He G

max
He G
minV V −− − ∼  20 K  

and that between the saddle point and maxima ( )He G
min

He G
spV V −− − ∼  20 K).  

It’s overall minimum ( 150 K)He G
minV ≈ −−  controls the binding energy.
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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 Møller–Plesset perturbation theory (MP2).[4] Lines show the 
tight-binding prediction in Equation (2) without any fit parameters using 
t determined from the method-dependent bandwidths (9t) 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 lattice[26,27]).

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 −He HeV  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.[28]

3. Correlated Phases of Atoms on Graphene

The high-energy microscopic Hamiltonian in Equation  (1) 
describing 4He on graphene or graphite has been previously 
studied,[25,29–32] 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 4He on graphene, the appropriate description is[4]

H t b b V n n V n n
i j

i j

i j

i j

i j

i j �∑ ∑ ∑= − + + + ′ +( h.c.)
,

†

, ,

	 (3)

where b bi i( )†  destroys (creates) an atom at site i of the triangular 
lattice formed by the graphene hexagon centers occupied by at 
most n b bi i i= †  atom(s), and b bi j i jδ=[ , ]†

,  captures the bosonic 
nature of 4He. 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 4He 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,[33] 
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[33,34] while more complicated models have 
been constructed to describe dipolar atomic gases (involving 
longer-range interactions) and Bose–Fermi mixtures.[35,36] In 
all these cases, as opposed to the He-graphene system studied 
here, the dominant interaction term is of the soft-core type: 
Uni(ni − 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 

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,[37,38] 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.[39–41]

An analysis of the first layer of 4He on graphene in the con-
text of the hard-core Bose–Hubbard model[4] firmly places it 
in the insulating phase at 1/3 filling with atoms occupying 1/3 
of triangular lattice sites, separated by a3 0, where a0 ≃ 1.4 Å 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-
tices[26,33]), 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 μ 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 Møller–Plesset (MP2). They localize the ground state 
of 4He 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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physically meaningful results due to the spatial extent of the 
hard-core of −He HeV  which is on the order of the nearest-neighbor 
lattice spacing a3 0, (as opposed to being a δ-function) as 
shown in Figure 4.

This immediately leads to U  =  ∞ (two 4He 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 a3 0 and 3a0 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 K and 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 (ρ(x, y)) shown in Figure 5 
computed with T = 0 ground state quantum Monte Carlo.[4]

Here, the upper panel compares a cut through the full many-
body wavefunction (ρ(x, 0)∝Ψ(x, 0)2) with that of a single 
4He atom on graphene (shaded region), which extends into 
neighboring lattice sites, consistent with the finite hopping t 
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[39–41] 
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  =  ∞) 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 4He on graphene can 
be studied in the laboratory, and whether or not the resulting 
effective Hamiltonian is tunable. There exists vast experimental 
expertise[43–45] in the preparation and measurement of adsorbed 
superfluid helium films, and equivalent but nonoverlap-
ping efforts to prepare pristine suspended graphene.[46–48] We 
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Figure 4.  The interaction potential energy between two helium atoms 
in vacuum −He HeV  from the empirical potential introduced in refs. [17,18] 
(red line), density functional theory (DFT, blue line), and Møller–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 a3 0 (V), and for the next-nearest 
neighbor V′ at 3a0, 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′.

Table 1.  Parameters of the effective hard-core Bose–Hubbard model 
describing 4He 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 Møller–Plesset perturbation theory (MP2). The hopping t is deter-
mined from the single-particle band structure reported in Figure 2.

Method t (K) V (K) V′ (K) t/V

HF 1.45 69.7 −2.08 0.021

QMC 1.38 54.3(1) −2.76(2) 0.025

DFT 1.10 21.4 −1.36 0.051

MP2 0.59 51.5 −1.97 0.011

Figure 5.  The density of 4He atoms in the plane ρ(x, y) obtained from 
ground state quantum Monte Carlo simulations of N  = 48 4He atoms 
on 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.
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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 strain[3] quantified by the 
length of the carbon–carbon bond in the armchair direction.

The binding energy of a 4He 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 (t2) would 
be suppressed between a subset of the now further apart ani-
sotropic triangular lattice sites, the behavior of V2 is striking. 
At relatively weak strain, density functional theory predicts a 
crossover from repulsive to attractive interactions at nearest 

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.[49] 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.[50] 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).[13,14] 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 4He-graphene system.

It is also exciting to think that 3He can be used instead of 
4He, which would lead to an effective fermionic model.[51] It is 
well known that the VDW potentials for 3He are quite similar 
to the bosonic 4He, while 3He 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.).[52]

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 6.  Effects of anisotropic strain. a) The single-particle adsorption 
potential between 4He 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 δ 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.
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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.[2,53,54] 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.[2,55–58] 
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.[5] Moreover, the theory and its predictions were 
extended to practically any 2D material, such as the members 
of the dichalcogenides family (MoSe2, MoS2, WSe2, WS2).[5,11,59] 
Liquids formed by light atoms, such as He, H2, and N2, can 
be studied with great theoretical accuracy. Graphene is gener-
ally impermeable to light atoms[60,61] 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,[3,10] change in the chemical potential 
(addition of carriers),[8,62] 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.[5] This 
means that VDW-related properties and the conditions for film 
growth can be in principle effectively manipulated.

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, Π(h), 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.[2,53,54] 
Calculations performed in recent work[5,63] show the behavior 
presented in Figure  8, which appears to be generic for light 
liquids on graphene. A change in the sign of Π(h) at a critical  
h = hc guarantees a minimum of Π(h) at h* > hc, with a change 
in the sign of dΠ(h)/dh at h* (since in the bulk limit Π(h) → 0,  
h  →  ∞, due to the VDW origin of Π). While in the range of 
widths hc < h < h* the surface is expected to be metastable, it is 
known that the regime where dΠ(h)/dh > 0, that is, for widths 
h  > h*, corresponds to an instability,[54,64–67] which in the pre-
sent context is called spinodal dewetting. The phenomenon of 
spinodal dewetting itself has a long history[64,65] and has been 
theoretically predicted and detected in numerous situations 
involving polymers, liquid metals, etc.[54,64–66,68–73] 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 Π(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.[5,63] 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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Figure 7.  Atoms adsorbed on suspended graphene and forming a liquid 
film of equilibrium width h.
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Figure 8.  Disjoining pressure Π(h) for N2 liquid on top of suspended gra-
phene.[63] Light liquids made of He and H2 show similar overall behavior, 
but with different scales. The spinodal dewetting instability takes place 
for h > h*.
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up to several hundred Å), and range between λ  ≈ 1 μm and 
λ ≈ 100 μm, depending on the liquid and the material involved. 
On the solid-state (material) side, there are numerous factors 
that affect hc and λ; 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.[5,63] 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.[73]

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 Å at room tem-
perature.[8,74,75] 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.[2] 2) Temperature can modify the VDW potentials, 
however its effects are generally significant only at larger dis-
tances.[2,57] 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 

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.
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Figure 9.  Spinodal dewetting pattern (at intermediate time of the pat-
tern evolution) for N2 liquid on top of suspended graphene, for initial 
uniform width h = 3hc > h*.[63] “Drier” regions extend down to hc and the 
maximum width fluctuation is +9hc. The characteristic spinodal wave-
length λ ≈ 1 μm.

Table 2.  The length-scale hc for 4He (taken as candidate adsorbate), 
which corresponds to the change of the disjoining pressure sign (simi-
larly to Figure 8 for N2), for various suspended 2D material configura-
tions. Here εF 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 hc guarantees the development of a spinodal dewetting instability 
(at h* > hc). The values of hc, h*, and the spinodal wavelengths that 
follow, are strongly liquid and material dependent. The critical width hc 
increases as graphene evolves from neutral to more metallic, while it 
is considerably shorter for the members of the dichalcogenides family.

2D material hc (Å)

Graphene (neutral semimetal) 300

Doped graphene (εF = 0.3 eV) 360

Doped graphene (εF = 0.5 eV) 410

WS2 (insulator) 175

WSe2 (insulator) 180

MoS2 (insulator) 178

MoSe2 (insulator) 184
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