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ABSTRACT

Two-dimensional (2D) materials and their moiré superlattices represent a new frontier for quantum matter research due to the emergent
properties associated with their reduced dimensionality and extreme tunability. The properties of these atomically thin van der Waals (vdW)
materials have been extensively studied by tuning a number of external parameters such as temperature, electrostatic doping, magnetic field,
and strain. However, so far pressure has been an under-explored tuning parameter in studies of these systems. The relative scarcity of high-
pressure studies of atomically thin materials reflects the challenging nature of these experiments, but, concurrently, presents exciting oppor-
tunities for discovering a plethora of unexplored new phenomena. Here, we review ongoing efforts to study atomically thin vdW materials
and heterostructures using a variety of high-pressure techniques, including diamond anvil cells, piston cylinder cells, and local scanning
probes. We further address issues unique to 2D materials such as the influence of the substrate and the pressure medium and overview efforts
to theoretically model the application of pressure in atomically thin materials.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0123283
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1. INTRODUCTION

Two-dimensional (2D) materials can be defined as materials with
a thickness of one or a few atoms." From the perspective of quantum
matter research, the reduced dimensionality in 2D materials is linked
to a reduction in the available phase space and the electronic screening
of Coulomb forces, leading to enhanced quantum effects and increased
interactions.” For this reason, 2D materials often exhibit outstanding
transport, optical and magnetic properties that have been intensively
investigated over the past decades.” The ability to stack dissimilar vdW
crystals atop one another is another major advantage of these materi-
als, forming the so-called van der Waals heterostructures featuring
atomically sharp interfaces.” Lattice mismatches and/or twist angles
between neighboring crystals further lead to the emergence of moiré
patterns—geometric interference patterns that act as periodic poten-
tials—which often result in a rich variety of physical phenomena not
observed in the individual vdW layers alone. In order to glean insight
into the physics of 2D vdW materials and moiré heterostructures and
unlock new materials functionalities, the properties of these systems
have been extensively studied by tuning various external parameters
including temperature,” * electric field,” ” electrostatic doping,'’ "’
magnetic field," " ’

6

and in-plane strain.”” *’ Pressure is another
important thermodynamic variable that can be used to tune the prop-
erties of materials, serving to reduce interatomic distances, strengthen-
ing interatomic and magnetic interactions, and modifying the
electronic density. Pressure, therefore, enables the realization of new
physical phenomena as well as new material structures that are not
accessible under ambient conditions. The relative scarcity of high-
pressure studies involving 2D materials and heterostructures reveals
that these are challenging experiments, but also present an opportunity

scitation.org/journal/are

to study a relatively untapped research field with a wealth of interest-
ing new potential phenomena.

Contrasting to other review articles on high-pressure studies of
2D systems,” " this review focuses solely on atomic-thin materials,
which present their own experimental and theoretical challenges when
compared to bulk 2D-layered van der Waals materials such as graphite
(which sometimes are also referred to as 2D). For instance, it is well
established that for atomically thin materials subjected to hydrostatic
compression, the in-plane compression forces are exerted by the sub-
strate via its adhesion to the 2D system, and not by the pressure
medium, unlike for bulk materials.””** Also, unlike bulk materials,
different compressibility between a solid pressure medium and the
substrate can lead to stress gradients that can significantly affect the
interpretation of the experimental data. In this review, we address
those issues in detail. Furthermore, previous reviews on the topic
focused on high-pressure experiments using the diamond anvil cell
(DAC) technique. In our work, apart from DACs, we review several
high-pressure studies of atomically thin van der Waals materials using
piston-cylinder cells and scanning probe microscopy techniques. An
additional and important element of novelty is a dedicated session to
the theoretical approach to model atomically thin systems at high
pressures, including the theoretical formalism to simulate the applica-
tion of pressure in those systems.

This review is arranged as follows: Secs. 1I-IV describe high-
pressure studies performed using different experimental techniques:
diamond anvil cells (DACs), piston-cylinder cells, and scanning probe
microscopy, respectively. A description of the instrumentation of each
technique is reviewed at the beginning of each section. Section V dis-
cusses the theoretical aspects of modeling atomic thin materials under
compression. Section VI concludes with possible future research direc-
tions in this field.

1. HIGH-PRESSURE EXPERIMENTS WITH DIAMOND
ANVIL CELLS

The field of high-pressure research has continuously expanded
since the pioneering work of Percy W. Bridgman, who won the
Nobel Prize in Physics in 1946 for the invention of an instrument to
produce extremely high pressures, and for his discoveries within the
field of high pressure physics.” In the Bridgman era (~1910-1950),
high-pressure experiments were performed using the so-called
Bridgman anvil and piston cylinder devices, which allowed to per-
form electrical resistance and compressibility measurements up to
10 GPa,” (as a comparison, the pressure at Earth’s core is estimated
to be around 350 GPa). The diamond anvil cell (DAC) was later
developed in 1958,”" revolutionizing high-pressure research since it
allowed direct optical observation of the effects of static pressure on
matter through different experimental techniques such as x-ray dif-
fraction, optical absorption, reflectivity, and Raman spectroscopy.”’
Nowadays, the typically accessible pressure achieved in DAC experi-
ments ranges from 0.1 GPa to about 400 GPa- considered the pres-
sure limit for conventional DACs”’—however, improvements in
DAC design can bring the maximum pressure to the terapascal
range.”’ That range of pressures provides a platform to study funda-
mental physical phenomena, such as insulator-metal transitions,”""*
classical phase transitions,””"" quantum phase transitions,””"* and
high-temperature superconductivity.””"*

Appl. Phys. Rev. 10, 011313 (2023); doi: 10.1063/5.0123283
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Furthermore, given that the rules of chemistry can be quite differ-
ent at high pressures, several new exotic materials have been obtained
from high-pressure experiments’"’ such as materials with unprece-
dented stoichiometries’' and with unusual chemical bonding
Therefore, high-pressure studies using DACs constitute a powerful
experimental technique in condensed matter physics to synthesize
new materials, tune materials’ properties, and observe novel many-
body physics phenomena.

A. Instrumentation and experimental technique
1. DAC operation

Figure 1 shows schematics of a DAC. The principle of its opera-
tion is quite simple. One initially places a thin metallic disk—the gas-
ket—with a pre-drilled hole, on top of the flat tip—the culet—of the
bottom diamond. The dimensions of the gasket hole are typically 1/
3-1/2 of the culet’s diameter on the order of ~10* um. Then, one adds
the sample and a manometer—usually a few ruby crystals—inside of
the gasket hole, together with the pressure transmitting medium
(PTM). By bringing the top diamond as shown in Fig. 1, the pressure
chamber will be sealed, with the sample, the pressure indicator, and
the PTM contained by the gasket walls and the two culets of the dia-
monds. High pressures are generated when the opposite diamonds are
pushed together, squeezing the gasket and, therefore, the chamber,
compressing the pressure medium, which transmits the forces to the
sample. In this way, the uniaxial compression applied along the DAC
axis is converted into hydrostatic pressure by the use of the PTM.
However, the degree of hydrostaticity highly depends on the choice of

/' Diamond
anvil

Ruby
crystal

FIG. 1. Schematic of a diamond anvil cell. Cross section view of a DAC in which
the sample is compressed hydrostatically when two opposite diamonds are pushed
together, squeezing the gasket between them and compressing the pressure
medium, which transmits the forces to the sample. Ruby crystals are usually used
as the pressure indicators due to the pressure-induced shifts in their fluorescence
energy. Reproduced with permission from Martins et al., Nat. Commun. 8, 1-9
(2017). Copyright 2017 Authors, licensed under a Creative Commons Attribution.
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the PTM as well as the sample/PTM volume ratio, as will be later dis-
cussed. Since the compressed area is quite small (~10* (um)?), large
pressures can be generated with the application of moderate forces.

The pressure can be increased typically by tightening the screws
that connect the two body parts of the DAC, with each body contain-
ing one diamond, or by the use of a membrane that can be inflated by
the injection of an inert gas, which will push one body part against the
other. Diamonds are chosen as anvils because of their superior hard-
ness, being able to withstand pressures of GPa order without breaking,
and the fact that they are transparent to x-rays and visible light. Thus,
at each pressure, one can excite the system with a given light source,
either a laser or a monochromatic x-ray beam, and collect the light
emitted/scattered by the sample, therefore probing the modifications
induced by pressure in the material. Different types of diamonds can
be used, depending on the purpose. For instance, for Raman spectros-
copy measurements, it is desirable to use diamonds with a very low
defect density, typically type Ila diamonds, which will emit low-
intensity fluorescence signals (originated from optical transitions
between defect levels).

2. The gasket

The gasket is a crucial element for the operation of a diamond
anvil cell. It (i) contains the PTM, allowing for the generation of
hydrostatic pressures; (ii) prevents direct contact with the diamonds
(since diamonds can break upon direct contact and applied force); and
(iii) extrudes material around the diamonds, as illustrated in Fig. 1,
forming a supporting ring which prevents the diamonds to crack due
to the stress concentrated at the edges of the anvil faces.”

The gasket preparation usually starts with the indentation of the
metal foil by squeezing it between the two anvils, which will reduce the
thickness of the compressed area. Ideally one should use the same dia-
monds that will be used in the high-pressure experiment. The indenta-
tion is performed in order to minimize the plastic deformation during
the experiment, such that only the necessary degree of thinning is
applied in order to pressurize the PTM."’ Typically the thinner the final
indentation thickness is, the higher the maximum pressure will be.

After indentation, a hole is drilled at the center of the gasket with
dimensions typically of 1/3-1/2 of the culet size, as previously men-
tioned, which will work as the pressure chamber. Then, for the experi-
ment, it is important that the gasket is seated on the lower diamond in
the same orientation as it had during the indentation so that the
indentation marks can align with those from the diamond facets.

It is also important to choose the right material for the gasket for
a given experiment. For instance, if the goal is to achieve higher pres-
sures, one should choose hard yet malleable materials such as rhenium
or stainless steel. It is also important to choose a material that is com-
patible with the PTM/sample for the experimental conditions. For
instance, to avoid the formation of oxides originating from a chemical
reaction between the PTM and the gasket material, stainless-steel gas-
kets are a suitable option.

3. Determining the pressure: The ruby fluorescence
method

In high-pressure experiments using DACs, there are different
methods that can be used to determine the pressure inside the cham-
ber.” """ A widely popular method is ruby fluorescence.”**” In this

Appl. Phys. Rev. 10, 011313 (2023); doi: 10.1063/5.0123283
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method, small ruby crystals are inserted inside the gasket hole, as illus-
trated in Fig. 1, and are used as manometers.

The ruby crystals are composed of a ALO; matrix with Cr**
impurities. Upon excitation with visible light, those crystals emit two
fluorescence peaks termed as R; and R, at ambient temperature. The
R, and R, lines are associated with electronic transitions within the
Cr*" impurity, and their energy will shift upon compression due to
modifications in the crystal-field-split energy levels induced by pres-
sure.”” The calibration via ruby fluorescence is based on the evolution
of the R;-line energy with increasing pressure (P), and the connection
between R; energy and P was established via concomitant x-ray dif-
fraction measurements of four metals (Mo, Cu, Pd, and Ag) and the
fitting of their specific volume with well-established equations of state
for those metals."""” Therefore, one can determine the pressure (in
GPa units) via the shift in the R, line from ambient pressure condi-
tions A4 = (A(P) — A(Py)), via the expression,

where the A and B constants are 1904 and 7665, respectively, and
Ao = 694, 2 nm is the wavelength of the R, fluorescence line at a pres-
sure of 1bar."”

Importantly, the positions of the R; and R, peaks also shift with
temperature, and several works have investigated the pressure calibra-
tion both in the low-temperature’’ and high-temperature range.”’
Alternative methods to determine the pressure inside of the chamber
in DAC experiments are: keeping track of the first-order Raman peak
from the diamond window, which shows a linear shift with pressure,
or measuring the pressure-dependence of the specific volume of a ref-
erence material that has a well established-equation of state,” such as
Ag and Cu, via high-pressure x-ray diffraction.

A
P|GPa] = 3

4. The choice of the pressure transmitting medium

Ideally, high-pressure experiments should be performed under
hydrostatic conditions. However, every PTM solidifies after a given
pressure, and upon solidification, the medium and consequently the
sample can develop pressure gradients and local anisotropic stress
components (also termed deviatoric stress) that can significantly affect
the interpretation of the experimental data depending on their magni-
tude. A recent example is of the superconductor CaFe,2As, in which
different high-pressure experiments reported conflicting conclusions
about its PT phase diagram, with the contradiction being solved by the
realization that the superconducting phase is extremely sensitive to
non-hydrostatic conditions, being favored by uniaxial components
while absent under hydrostatic conditions.” Therefore, it is extremely
important to identify the hydrostatic limits of the PTM for a given HP
experiment, as well as the presence and strength of pressure gradients
and local non-hydrostatic stress components.

In order to quantify the degree of hydrostaticity of a given PTM,
a very popular technique was introduced by the seminal work of
Piermarini et al.” In their work, they investigated the hydrostatic limit
of several PTMs in DAC experiments using two methods: (i) by mea-
suring the pressure at several different locations from tiny ruby crystals
spread across the chamber—which can give information about the
presence of pressure gradients inside of the chamber, and (ii) by

REVIEW scitation.orgl/journal/are

measuring the spectral linewidth of the R; fluorescence peak from
ruby, which can give information about the presence of local non-
hydrostatic stress components. The R; peak will broaden under the
presence of local non-hydrostatic stress components because it is asso-
ciated with an electronic transition within the Cr** impurities, which
is highly sensitive to the local environment around the chromium ion.

This method remains popular and has still been used for
instance, to determine the hydrostatic limits of several PTMs for low-
temperature experiments,”’ in which the solidification of the PTM is
unavoidable even at low pressures, due to the temperature drop.
Importantly, some mediums can remain good quasi-hydrostatic
PTMs even after their solidification, if the presence of deviatoric stress
is sufficiently small. One example is the water PTM. Even though
water solidifies at ~1 GPa™* at ambient temperature, previous stud-
ies” """ show a lack of evidence of significant pressure gradients or
local non-hydrostatic stress components in the water medium up to
approximately 8 GPa.

Table T shows the solidification pressure and quasi-hydrostatic
limit at ambient temperature for several PTMs commonly used in
high-pressure experiments.

Another important factor to take into account when analyzing
the degree of hydrostaticity in an HP experiment is the sample/PTM
volume ratio. The higher this ratio is, the lower the degree of hydrosta-
ticity will be. Other relevant aspect of choosing a PTM is the difficulty
of its loading process into the DAC. Liquid PTMs are fairly simple to
load, as long as they are not volatile, whereas loading gases is consider-
ably more difficult, often requiring equipment specifically designed for
this purpose.

B. The influence of the substrate and the PTM: Strain
transfer, sample detachment, and detection of stress
gradients

One of the main differences between high-pressure experiments
involving bulk vs atomically thin materials is the influence of the sub-
strate and the PTM on their mechanical responses. While for bulk
materials, the compression is directly exerted by the PTM, for atomi-
cally thin materials, it has been established that the in-plane compres-
sion is exerted by the strain transfer from the substrate via its adhesion
to the 2D material.”* ** That is, for a perfect adhesion, the extent to
which the 2D material will be in-plane compressed will solely be

TABLE |I. Solidification pressure and hydrostatic/quasi-hydrostatic range for several
PTMs commonly used in high pressure experiments.

Appl. Phys. Rev. 10, 011313 (2023); doi: 10.1063/5.0123283
© Author(s) 2023

Solidification Hydrostatic/
pressure at room  quasi-hydrostatic

PTM temperature (GPa) range (GPa) References
Water 1.0 ~8.0 52, 54-56.
4:1 methanol/ 10.5 ~10.5 57
ethanol

Neon 4.8 ~15 57
Helium 12.1 >40 57
Argon 14 ~10 57
Nitrogen 2.4 ~12.0 57
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determined by the compressibility of the substrate. If the adhesion is
not ideal, the mechanical response of the 2D material will be deter-
mined by the strain transfer from the substrate, while if the sample
detaches from the substrate or if it is unsupported, its in-plane com-
pression will be determined by the compressibility of the 2D material
itself.”"" The influence of the PTM should particularly be taken into
account once the PTM solidifies since eventual differential compress-
ibility between the solid PTM and the substrate could lead to shear in-
plane components on the 2D material”” that could lead to lattice dis-
tortions and defects. In that context, Raman spectroscopy can provide
direct information about the presence of stress/strain gradients across
the compressed sample.””” It was also initially proposed that the
PTM could chemically dope the 2D samples upon compression,”’
which was later disproved”’ for the graphene case. This section
describes these works.

Several groups have investigated the contributions from the sub-
strate and the PTM in high-pressure DAC experiments via Raman
spectroscopy by analyzing the pressure the evolution of the G band in
graphene.”~ The G band (approximately at 1580 cm ") is associated
with the in-plane C-C bond-stretching mode in the graphene lattice
and is extremely sensitive to the effects of strain and also doping.”' An
important parameter to investigate the pressure evolution of Raman
frequencies under strain is the Griineisen parameter 4. For a quasi-
harmonic mode v of frequency w,, the Griineisen parameter 4, can
be defined as”’

o(P) _ <vu»>*% @

o(Py) V(Po)

where P, is the initial pressure. In the graphite case, given the consid-
erable anisotropy between in-plane and out-of-plane compressibilities,
one can define the Griineisen parameter for the G band considering
only the in-plane compressibility”’ such that Eq. (2) can be rewritten
as

(3)

(Py)

o(P) <a(P) > *”‘G’

~ \a(P)

where a is the lattice parameter of graphene.”” From Eq. (3), one can
see that the G band frequency (@) will blueshift upon compression.
The first high-pressure work on graphene was carried out by
Proctor et al.”’ In their work, the authors compressed and exfoliated
few layer graphene samples on a 300-nm SiO,-coated silicon substrate.
For the mono, bi, and few-layer flakes on the SiO,/Si substrate, they
noticed that the thinner the sample is, the steeper its G band pressure
slope (dw/dP) is, as shown in Fig. 2(a). They proposed that the thin-
ner the sample is, the greater the influence of the substrate will be on
its in-plane compression. Since the SiO,/Si substrate is more com-
pressible than graphene, dwg/dP will be higher for graphene on SiO,/
Si compared to unsupported graphene, the latter having similar dwg/
dP to graphite. To quantify this effect, the authors plotted the pressure
evolution of the G band using Eq. (3) considering silicon’s compress-
ibility for the a(P)/a(Py) term and graphene’s Griineisen parameter
A = 1.99 obtained from Ref. 63 [Fig. 2(b)]. For the G band, the
agreement with the experimental data was good at low pressures
(0-1.5GPa) and started to deviate at higher pressures. The authors
attributed the deviation to graphene debonding at higher pressures. In
fact, we point out that the debonding could be due to the solidification

scitation.org/journal/are

of the N, PTM above 1.2 GPa, consistent with the results from the fol-
lowing work by Filintoglou et al.”* The effect of the number of gra-
phene layers and the adhesion to the SiO, substrate was studied in a
subsequent work by Nicolle et al.”’ via a calculation that took into
account the competition between the adhesion and the elastic energies
for graphene to conform to the rough SiO, substrate. Their results
showed that a debonding from the SiO, substrate occurs for graphene
layer thickness above two, which should result in a dwg/dP slope simi-
lar to that of graphite. In the same work, the authors also proposed a
giant doping effect from the PTM on their samples, which was later
contested by Filintoglou et al.”*

Filintoglou et al.”* investigated the contributions of both sub-
strate and PTMs on the pressure response of graphene. The authors
compressed monolayer graphene samples grown by chemical vapor
deposition (CVD) on copper substrates using a polar (4:1 methanol/
ethanol, termed as alcohol by the authors) and non-polar (fluorinert)
PTM. In the 0-3 GPa range, they observed that the pressure slope for
the G band is the same for both PTMs, suggesting that the pressure
response of the G band frequency is mainly dictated by mechanical
stress rather than the pressure doping from the PTM. To further sup-
port this claim and disentangle, the contributions from doping and
strain, the authors plotted the frequencies of the G and 2D band (w,p)
at increasing pressures, following the work of Lee et al.”* Their data
show that the [wg(P), w,p(P)] points fall into a pure-strain line (d
,p dog slope of 2.2 according to Lee et al.”*) and constant electron-
doping [Fig. 2(c)], confirming that the PTM does not significantly
dope the samples as pressure increases. Importantly, the authors
noticed a sudden drop in the frequency of the G band followed by an
irreversible decrease in pressure slope from 9cm™/GPa to 5.6cm ™'/
GPa around 2 GPa for the fluorinert PTM [Fig. 2(d)] without a signifi-
cant broadening of the G bandwidth. They attributed this behavior to
the fact that the PTM solidifies around that pressure, resulting in gra-
phene being compressed between two solid surfaces, therefore, not
being preferably adhered to the copper substrate, which should resem-
ble the mechanical behavior of free-standing graphene. In fact, the
pressure slope of 5.6 cm™'/GPa is consistent with the recently reported
slope of 5.4 cm™'/GPa for unsupported graphene.”™

In the light of the analysis by Filintoglou et al,”* an important
issue to be analyzed is how differences in the compressibility between
the PTMs, once it solidifies, and the substrate, can affect the mechani-
cal response of a 2D material. This issue was investigated by Machon
et al.”” In their work, the authors analyzed bi-layer graphene samples
on SiO,/Si substrates compressed up to 8-10 GPa using three different
PTMs:4:1 methanol/ethanol, water, and argon. Importantly, the 4:1
methanol/ethanol PTM remains liquid/hydrostatic up to 10.5GPa,
while water turns into Ice VI and Ice VII at approximately 1 and
2 GPa, respectively, and argon solidifies at 1.4 GPa- however, both
water and argon PTMs remain quasi-hydrostatic up to higher pres-
sures (see Table ). The authors observed a linear evolution of the G
band frequency with pressure up to approximately 8 GPa for both the
4:1 methanol/ethanol and water PTMs, whereas the slope deviates
from the linear behavior after the solidification pressure for the argon
PTM [Fig. 2(e)]. To understand those results, the authors plotted the
pressure evolution of the solid surfaces and their pressure derivatives
for water, N, Ar, and SiO,, shown in Fig. 2(f). Notice that the surface
compressibility of water and SiO, are remarkably similar in the
0-8 GPa pressure range, resulting in an absence of in-plane shear
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FIG. 2. Influence of the substrate and the PTM via analysis of the pressure-evolution of the Raman G band in graphene. (a) Raman frequencies of the G band as a function of
pressure for mono-, bi, and few-layer graphene on a SiO,-coated silicon substrate and of unsupported graphite using a N, PTM. (b) G band frequencies as a function of pres-
sure for monolayer graphene on SiO,/Si. The black solid line is the calculated g using Eq. (3) considering silicon’s compressibility a(P) /a(Py) and using a Griineisen param-
eter of 2g = 1.99 obtained from Ref. 63. [(a) and (b)] Reprinted with permission from Proctor et al., Phys. Rev. B 80, 073408 (2009). Copyright 2009 the American Physical
Society. (c) Correlation between the Raman frequencies of the G (wg) and 2D (w2p) bands for monolayer graphene at increasing pressures to extract information about doping
and strain. The filled and empty squares correspond to two different pressure runs using a flurorinert PTM, while the filled circles correspond to a pressure run using 4:1 meth-
anollethanol PTM. The dotted straight lines correspond to pure-strain lines (constant doping) (d wxp/deg slope of 2.2°') (d). The star represents the (wop,wg) values for
undoped, unstrained monolayer graphene obtained from Ref. 64. The solid and doted lines starting from the star symbol correspond to pure electron and hole doping (no
strain), respectively, as obtained from Ref. 65. (d) Pressure evolution of the G band frequency for monolayer graphene on the copper substrate. Empty and filled symbols cor-
respond to increasing and decreasing pressures. The circle and square symbols correspond to compression with alcohol and fulorinert PTMs, respectively, while the triangle
symbol corresponds to compression with fluorinert after sample detachment. The dotted line is the calculated wg shift, considering the bulk modulus of copper and perfect
adhesion of graphene. The numbers represent the dewg/dP pressure slopes. [(c) and (d)] Reprinted with permission from Filintoglou et al., Phys. Rev. B 88, 045418 (2013).
Copyright 2013 the American Physical Society. (e) G band frequency (black filled squares) and full width at half maximum (red empty squares) subtracted from their values at
ambient pressure for bi-layer graphene on SiO,/Si as a function of pressure for 4:1 methanol/ethanol (left panel), water (center panel), and argon (right panel) PTMs. The verti-
cal dotted lines correspond to different pressure-induced phase transitions of the PTMs to a solid phase, while the hatched region for argon corresponds to its pressure recrys-
tallization domain. (f) Surface compression (let panel) and its derivative (right panel) as a function of pressure for different PTMs. [(e) and (f)] Reproduced with permission from
Machon et al., J. Raman Spectrosc. 49 121 (2018). Copyright 2018 John Wiley and Sons.
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stress components, explaining the well-behaved linear evolution of G
band frequency for the water case. On the other hand, the surface
compressibility of solid Ar and SiO, are considerably different, intro-
ducing in-plane non-hydrostatic stress components, which would
explain the deviations from the linear behavior of dw/dP.

We point out that a simple and direct method to determine the
presence of pressure gradients generated by the PTM and/or substrate
in an atomic-thin material is to acquire the Raman spectra at different
locations across the sample. In the absence of considerably doping
from the PTM (or if the doping can be considered to be homoge-
neous), significant variations in the Raman frequencies at different
locations can be attributed to stress gradients. Using this method,
Pimenta Martins et al.”® measured g at three different locations in
graphene powder compressed using water as the PTM. The powder
consisted of a mixture of graphene flakes with thicknesses ranging
from mono-layer to graphite, with the majority of flakes (86% in
mass) with thickness below 20 layers. For each pressure, the authors
calculated the difference between the maximum and the minimum
values wg values (0 wg). They observed that above 8 GPa, the ¢ wg
values start to increase, being a direct indication of the presence of
pressure gradients, in qualitative agreement with the detection of pres-
sure gradients in compressed water found by Piermarini et al.”* This
method was also used by Pimenta Martins et al,”” where the authors
measured the Raman spectra of monolayer MoS, compressed in a 4:1
methanol/ethanol PTM at 4.5 GPa and 10K (the PTM is solid at that
temperature). The authors observed no deviations of all Raman peaks
under these conditions, in qualitative agreement with the absence of
deviatoric stress for the 4:1 methanol/ethanol PTM at low tempera-
tures (5 and 77K) at that pressure, as investigated by Tateiwa and
Haga’ and Feng et al.*®

From the combined information from those previous works, one
can infer that whenever the compressed 2D material is under good
hydrostatic or quasi-hydrostatic conditions, the Raman frequencies
will shift linearly, without a significant broadening of the peaks or
changes in the Raman frequencies when measured at different loca-
tions at a given pressure.

To conclude this section, we highlight the recent work of Sun
et al,” which investigated the mechanical response of unsupported
graphene samples in an N,N-dimethylformamide (DMF) PTM at high
pressures. They argued that it is physically meaningful to attribute a
¢33 elastic constant to graphene, that is, monolayer graphene gets
squeezed upon out-of-plane compression as a result of the compres-
sion of the out-of-plane p, orbitals. Their conclusions were based on
the analysis of the sub-linear evolution of the G band in unsupported
graphene, which in analogy to the graphite case, can give information
about the graphene’s out-of-plane stiffness.

C. Evidence of pressure-induced formation of the 2D
diamond from few-layer graphene

The isolation of graphene from the mechanical exfoliation of
graphite”’ motivated the search for 2D-versions of selected bulk mate-
rials, since the reduced dimensionality could lead to novel and exotic
properties, adding to those from their bulk counterparts. Diamond
exhibits outstanding properties such as superior hardness and stiffness
as well as the highest thermal conductivity at room temperature for
bulk materials, apart from being transparent and chemically inert.””
Therefore, experimental efforts have been directed toward obtaining

REVIEW scitation.orgl/journal/are

an atomically thin diamond that could show additional unique fea-
tures due to the quantum confinement. Several theoretical models
have predicted 2D diamond structures with different properties, how-
ever, synthesizing stable and functional forms of these materials
remains a current challenge. Different methods have been explored for
its synthesis, including pressure-less chemical functionalization of bi-
layer graphene”” "' as well as high-pressure compression of few-layer
graphene using scanning probe microscopy tips” "~ or hydrostatic
compression using DACs.’*" This section focuses on the latter
experimental method, while Sec. V B discusses different theoretical
models of 2D-diamond structures. For a detailed review of all the
experimental methods for 2D diamond synthesis, we refer the readers
to Refs. 68 and 79.

The conversion of graphite to the cubic diamond at high pres-
sures and high temperatures is a canonical example of the use of pres-
sure to synthesize novel materials and constitutes a common route of
diamond production for practical applications. However, previous
high-pressure studies carried out with graphite at room-temperature
showed evidence of a structural phase transition to an insulating,
transparent, and sp” containing phase,””"** with several proposed
crystal structures.”"" " Similarly, recent DAC experiments carried
out with few-layer graphene have obtained different evidence of a
phase transition to a 2D-diamond like phase, with different structures
being proposed.

The first experimental evidence for the existence of 2D diamond
via hydrostatic compression was carried out by Pimenta Martins
et al.”” In their work, the authors compressed two layers of CVD gra-
phene transferred onto a Teflon substrate using water as the PTM and
they observed a phase transition to a 2D diamond-like phase using
Raman spectroscopy. This technique was chosen due to its sensitivity
to different atomic hybridizations in carbon materials.”” Upon conver-
sion of few-layer graphene to 2D diamond, as well as from graphite to
bulk diamond, the carbon atoms change their hybridization from sp*
to sp”. The phase transition was detected by measuring the difference
in frequency of the G band in the double-layer graphene system
using two different laser excitation energies: 2.33eV (green) and
2.54¢eV (blue) (Awg = 0 plue — @G green)> as a function of pressure.
According to Ferrari and Robertson.,”” for a pure sp” system, one
should expect that Awg = 0, whereas for a mixed sp’~sp’ system,
Awg # 0 (more precisely, the G band frequency should increase by
increasing the laser excitation energy”’) Thus, by plotting Awg as a
function of pressure [see Fig. 3(a)], a clear discontinuity in Awg can
be seen at approximately 5 and 7.5GPa for two different pressure
runs, which can be associated with a structural sp® to sp>-sp” phase
transition. According to the authors, upon phase transition, an sp’
matrix is formed, containing nanometer-sized sp> clusters.
Importantly, the behavior of Awg vs pressure cannot be affected by
the solid PTM (water becomes Ice VI at 1 GPa and Ice VII at 2 GPa)
since the Raman spectra using the 2.33 and 2.54 eV excitations were
acquired at the same locations on the sample at each pressure.
Furthermore, the authors found no evidence of phase transition (no
significant change in Awg) up to 13 GPa for monolayer graphene
compressed in water as well as for double-layer graphene compressed
in mineral-oil PTM [Fig. 3(b)]. The latter results indicate that for the
phase transition to occur, it is necessary at least two layers of graphene
in the presence of water, in agreement with previous experimental
results from tip-compression of few-layer graphene from Barboza
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FIG. 3. Evidence of 2D diamond formation from high-pressure hydrostatic compression of few-layer graphene. (a) Pressure evolution of Awg, defined as the difference in the G
band frequency measured with 2.54 and 2.33 eV excitation, for two different pressure runs of CVD double-layer graphene samples on a Teflon substrate compressed in a water
PTM. (b) Pressure evolution of Awg for monolayer graphene on Teflon compressed in water (top panel) and double-layer graphene on Teflon compressed in a mineral oil PTM.

[(a) and (b)] Reproduced with permission from Martins et al., Nat. Commun. 8 1-9 (2017).
Sheet resistance (c) and optical absorbance measurements as a function of pressure for

Copyright 2017 Authors, licensed under a Creative Commons Attribution. (c) and (d)
an exfoliated tri-layer graphene sample directly transferred onto the diamond culet.

The ellipse in (d) highlights the presence of a weak absorption edge above approximately 30 GPa. [(c) and (d)] Reproduced with permission from Ke et al., Proc. Natl. Acad. Sci.
U. S. A. 116, 9186 (2019). Copyright 2019 APS. (e) Sheet resistance as a function of pressure for exfoliated bi-, tri-, tetra-, hexa-, and 12-layer graphene samples directly trans-
ferred onto the diamond culet. Reprinted with permission from Ke et al., Nano Lett. 20, 5916-5921 (2020). Copyright 2020 American Chemical Society. (f}—(j) Evidence for the for-

mation of a hard 2D phase for few-layer graphene compressed in water up to 8 GPa. (f)~(g)
on a SiO,/Si substrate before (f) and after compression up to 8 GPa in water PTM (g). The

Optical images of a sample containing a four-layer graphene and a thin graphite flake
red boxes indicate the regions of those sample where AFM measurements were car-

ried out. (h)(i) Topographical AFM images of the four-layer (h) and graphite (i) flakes where the blue lines correspond to height profiles shown on the on the right panels. Notice
that samples and the substrate are leveled—an evidence for indentation. (j) Three-dimensional topographical AFM image of the graphite flake showing that it penetrated into the
harder SiO,/Si substrate. [(f)—(j)] Reprinted with permission from Pimenta Martins et al., Carbon 173, 744-747 (2021). Copyright 2021 Elsevier.

et al.”” and with density functional theory calculations in these two
works.””’® According to these calculations, the resulting structure is
diamondene: a 2D ferromagnetic semiconductor with spin-polarized
bands. Importantly, in diamondene, the chemical functionalization
occurs only at the top graphene layer, leaving half the carbon atoms at

the bottom layer with a dangling bond, which is responsible for the
magnetism and spin-polarization properties.

The role of water is to provide the chemical species -H or -OH
that will form covalent bonds with the top graphene layer at high pres-
sures,”’*° facilitating and stabilizing the sp> conversion. The exact
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mechanism for this chemical reaction remains elusive, but it is known
that the reactivity of water molecules increases with pressure- for
instance, the ionization constant of water increases by 100 from
0.1 MPa to 1 GPa.""" In fact, Vasu et al.”’ reported on the synthesis of
2D structures of metal oxides by trapping their corresponding salts
with water between graphene sheets. According to the authors, the
pressure exerted by the van der Waals forces between the graphene
sheets, which could be as high as 1 GPa, ionizes the trapped water and
initiates the reaction that gives rise to the 2D sheets of metal oxides.

However, evidence of 2D diamond formation from compression
of few-layer graphene has been reported even in the absence of chemi-
cal functionalization. Ke et al.”” compressed an exfoliated tri-layer gra-
phene sample using Daphne 7373 oil or argon PTMs (both chemically
inert) and observed a bandgap opening at approximately 30 GPa via
electrical and optical absorption measurements. For the transport
measurements, the tri-layer graphene sample was transferred onto the
diamond culet and the electrodes were directly patterned and depos-
ited on top of it. The phase transition from a semi-metal to semicon-
ductor was detected by monitoring the sheet resistance as a function
of pressure and noticing a sudden increase in resistance at 33 GPa, fol-
lowed by an increase by more than three orders of magnitude upon
further compression to 59 GPa, as can be seen in Fig. 3(c). The sheet
resistance showed a weak temperature-dependence below 34 GPa,
significantly increasing with decreasing temperature above that
pressure—a signature of semiconducting behavior. A bandgap of
2.5eV was confirmed by UV-vis absorption measurements as shown
in Fig. 3(d), highlighting the absorption edge. The authors proposed
that this phase transition could be associated with a diamond-like 2D
phase. Using the same experimental methodology, Ke et al.”* com-
pressed tri-, tetra-, hexa, and 12-layer graphene and from electrical
resistance measurements, they observed a bandgap opening at 33.0,
27.1, 21.3, and 19.6 GPa, respectively [Fig. 3(c)]. Notice that as the
number of graphene layers increases, the critical pressure decreases.
From optical absorption measurements, all samples showed an
absorption edge at approximately 2.8 eV. The authors proposed via
DFT calculations that the new phase consists of an atomically thin
hexagonal diamond, formed with no need of chemical functionaliza-
tion. High-pressure x-ray diffraction (XRD) data from a graphene
powder was provided to indicate the formation of a powder of hexago-
nal 2D diamonds; however, it is important to point out that their XRD
signal could have contributions from thick graphite flakes that are usu-
ally present in graphene powders” or bulk-like structures formed
from the interlayer bonding of several flakes.

The works thus far described in this section revealed isolated
properties expected from a 2D diamond, such as sp” content, ® trans-
parency,”” and superior hardness’ (in this latter work, the compres-
sion was applied using an AFM tip, as discussed in Sec. IV B),
providing different pieces for the 2D-diamond puzzle. However, to
form a coherent picture and obtain robust evidence of its existence,
one needs to probe these different properties in the same system under
compression. Pimenta Martins et al.” performed such measurements,
obtaining experimental evidence for the formation of a sp’-containing,
transparent and hard 2D phase by compressing few-layer graphene on
a SiO,/Si substrate using water as the PTM. Raman spectroscopy pro-
vided evidence of a phase transition from a sp’ to a phase containing
sp” and sp® domains at approximately 6 GPa for bi-layer graphene and
starting at 4 GPa and ending at 7GPa for five-layer graphene and

REVIEW scitation.orgl/journal/are

graphite. For all these flakes, the evidence for the presence of sp® car-
bon came from an abrupt broadening of the G bandwidth, considered
a signature of the presence of sp’ carbon in compressed graphitic sys-
tems,”””"”* accompanied by a suppression of the 2D band intensity.
Other sources of G band broadening such as due to inhomogeneous
stress introduced by the PTM or to the differential compressibility
between the solid PTM and the substrate were ruled out due to the
lack of significant deviatoric stress for the water PTM up to approxi-
mately 8GPa™ (see discussion in Sec. [[A4) and the similarity
between the surface compressibility of water (Ice VII) and the SiO,
substrate” (see discussion in Sec. II B). The evidence of phase transi-
tion based on the suppression of the 2D band can be understood as
follows. The 2D band (2 700 cm ™" under ambient conditions) arises
from two-phonon double resonance Raman processes and can be
drastically suppressed upon changes in the electronic structure caused
by structural modifications in the graphene lattice.””

For the five-layer graphene and graphite flakes, an additional evi-
dence of phase transition was a change in the g vs P slope, becoming
steeper between 4 and 7 GPa when compared to the 0-4 GPa range.
As discussed in Sec. 1B, a change in d wg/dP had been previously
attributed to sample detachment by Filintoglou et al., however in their
work, d wg/dP reduced without significant changes in G bandwidth
and 2D band intensity, as expected for a sample detachment process,
unlike the results of Pimenta Martins et al,”” where d wg /dP
increased with significant changes in G bandwidth and quenching of
2D band intensity. Therefore, Pimenta Martins et al. attributed the
change in d wg/dP, to changes in the mechanical properties of the
system. For the evidence of transparency, the authors observed
changes in the optical contrast images of the flakes in the same
4-7 GPa pressure range of the changes in the Raman spectra, culmi-
nating in the detection of a Raman peak from the SiO,/Si substrate
underneath the graphite flake after 7 GPa, indicated a gradual surface-
to-bulk increase in transparency due to the phase transition process.
Finally, for the evidence of hardness, the authors observed indentation
marks on the SiO,/Si substrate from a four-layer graphene and graph-
ite samples compressed up to 8 GPa, from AFM topographic measure-
ments as shown in Figs. 3(f)-3(j). The fact that SiO, is significantly
harder than graphene systems (Vickers hardness of 564.9 kgf/mm® for
amorphous SiO, compared to 7-11 kgf/mm? for graphite) is evidence
that the indentation can only be explained by the formation of a hard
phase upon compression. Furthermore, they reported the lowest criti-
cal pressure (approximately 4 GPa) and pressure-induced transpar-
ency (completed at approximately 7GPa) in graphite, which was
attributed to the role of water in facilitating the phase transition. Their
theoretical models, based on molecular dynamics simulations and
first-principles calculations, described a novel phase transition mecha-
nism for compressed graphene systems in the presence of passivation
groups on the surface layers. This model shows a gradual surface-to-
bulk phase transition process, which starts with the sp>~sp” rehybrid-
ization of the first two layers, forming diamondene and then
propagates along the c axis to the bottom with increasing pressure.

D. Pressure-tuning of the electronic band structure
in monolayer TMDs

The electronic band structure of monolayer semiconducting
TMD:s is highly sensitive to the effects of strain, therefore the applica-
tion of hydrostatic pressures can induce profound changes in their
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band structure, and those changes can then be probed via Raman and
photoluminescence spectroscopy. In the monolayer limit, these mate-
rials are direct-gap semiconductors forming two spin-valley locked
and spin-split valleys at the K/K' points in the BZ as shown in
Fig. 4(a). Apart from the K/K' valleys, semiconducting TMDs also pos-
ses six Q/Q’ valleys in the conduction band located roughly halfway
between the I" and the K points as shown in Fig. 4(a), which are also
spin-valley locked and spin-split. However, phenomena involving K
and Q scattering have been relatively unexplored. An important exam-
ple of the potential of multivalley physics in TMDs is the observation
of superconductivity in ion-gated few-layer semiconducting MoS, "’
The origin of this multivalley superconductivity was attributed to an
increase in the electron-phonon coupling upon gating due to the
appearance of new scattering channels, such as K-Q and Q-Q scatter-
ing, formed upon Fermi level crossing of K and Q valleys.”* However,
those multivalley effects are usually absent in monolayer TMDs due to
the large energy difference between K and Q valleys (Aex_q). Pressure
has the effect of shifting the energies of the K/K' and Q/Q’ valleys,
causing a bandgap opening and a reduction in Aegx_q, possibly
unlocking new multivalley physics phenomena.”™

We will start the discussion with the bandgap opening effect
induced by pressure. Nayak et al.”” compressed monolayer semicon-
ducting MoS, on SiO,/Si up to 30 GPa using a neon PTM at ambient
temperature and observed a blueshift of the PL from 1.85eV at ambi-
ent pressure to 2.08 eV at 16 GPa—an increase in approximately 12%
of the bang gap, assuming a constant exciton binding energy. Above
16 GPa the authors observed a quenching of the PL signal which they
attributed to a crossover of the bandgap from direct to indirect due to
a change of the valence band minima (VBM) from K to I, as indicated
by their DFT calculations. Fu et al.”® also reported a bang gap opening
in compressed monolayer MoS, but the PL quenching was observed at
a much lower pressure, around 5GPa as shown in Fig. 4(b). The
authors also attributed the quenching to a direct to indirect transition,
however, due to a change of the conduction band minima (CBM)
from K to Q at a pressure of 1.9 GPa. The crossing of the K and Q val-
leys was supported by DFT calculations and by monitoring the energy
of the predominant peak in the PL, with pressure. A mixing of the
energies of the K and Q valleys upon reduction of Aek_q would cause
a deviation from the linear evolution of the predominant PL peak. A
banggap opening and PL quenching was also observed in compressed
WSe,”” [see Fig. 4(c)]. The authors also reported a K-Q crossing at
approximately 2.2 GPa by monitoring the negatively charged exciton
(trion X ) peak of WSe, with increasing pressures and noticing its
deviation from the linear behavior as seen in Fig. 4(d). Such deviation
could be explained by the joint contributions to the PL signal from
direct K-K and indirect K-Q transitions of the trions populating both
K and Q valleys near K-Q crossing. Similar to the work of Fu et al.,”
the pressure evolution of X could be fit by a model considering mix-
ing of K and Q valleys with increasing pressure upon reduction of
Aeg_q, as done for the I' and X sate mixing upon I'-X crossing in
compressed quantum dots.”

Recently, it has been demonstrated that the modifications
induced by pressure in the band structure of TMDs can be probed by
monitoring the changes in the intensity and shape of the 2LA Raman
band.” The 2LA band is present in the Raman spectra of all semicon-
ducting TMDs, and it is composed of several modes arising from two-
phonon double-resonance Raman process involving electronic

scitation.org/journal/are

scattering between K and Q as well as K and K’ valleys. The process is
illustrated in Fig. 4(e). It starts with the absorption of a photon near
the K valley and the creation of an electron-hole pair. Then, the
excited electron is scattered either to K’ or to the Q valley by the crea-
tion of a phonon with momentum K for K-K' scattering, or with
momentum M for K-Q scattering. From momentum conservation,
the electron is scattered back to the K valley by the creation of a second
phonon with opposite momentum, then the electron-hole pair recom-
bines and a photon is emitted. The Raman spectra of MoS, is shown
in Fig. 4(f), where the 2LA modes arising from K-K' (K-Q') scattering
are highlighted in red (blue). Pimenta Martins et al.”’ compressed
monolayer MoS, and WS, on a SiO,/Si substrate using 4:1 methano-
L:ethanol PTM and observed an enhancement of the 2LA band inten-
sity for both materials as shown in Fig. 4(g) for MoS,. They attributed
the enhancement to the combined effects of a bandgap opening and a
reduction of Aex_ at high pressures, which would increase the prob-
ability of K-K’ and K-Q scattering events. The bandgap opening blue-
shifts the B exciton energy (2.08 eV under ambient conditions and
2.13 eV at 4.5 GPa) closer to the laser excitation (2.33 eV), bringing the
system closer to a resonant absorption/emission condition. The K-Q
crossing would resonantly enhance the probability of K-Q scattering
events since upon crossing, the scattering from K to Q would involve a
real intermediate state instead of a virtual one as under ambient condi-
tions, as represented by MoS, in Fig. 4(h). The K-Q crossing occurred
near 3 and 2 GPa for MoS, and WSe,, respectively, as evidenced by
monitoring the evolution of their PL spectra. The authors pointed out
that being able to probe multivalley scattering as a function of strain in
monolayer TMDs should elucidate several phenomena including val-
ley coherence and multivalley superconductivity.”’

E. Pressure-tuning of the electronic structure in TMD
heterostructures

Heterostructures of MX, TMDs typically form type II band
alignment systems where the conduction band minina and the valence
band maxima reside in opposite layers. Thus, upon photo excitation, a
charge transfer process will occur where electrons and holes will accu-
mulate on different layers as shown in Fig. 5(a). Due to the reduced
dielectric screening and short interlayer distance, they will form bound
electron-hole pairs where the carriers reside in opposite layers, these
states are known as interlayer excitons (IXs). Their optical signature is
a photoluminescence peak formed upon recombination of those elec-
tron-hole pairs, with the peak energy being smaller than the energies
of the intralayer excitons from the individual layers. Pressure is a par-
ticularly important external tuning parameter to investigate those exci-
tations since it reduces the interlayer distance directly modulating the
IX energy. Xia et al."”’ compressed a 2H-stacked CVD grown MoSe,/
WSe, heterostructure and monitored changes in its electronic struc-
ture by analyzing the evolution with pressure of the IX photolumines-
cence peaks. The MoSe,/WSe, heterostructure was directly transferred
to the diamond’s culet and they used silicone oil as the PTM. Figure
5(b) shows the evolution of the IX PL spectra. Below 1 GPa, it con-
sisted in two peaks termed as I, and Ip, which according to their DFT
calculations would correspond to a direct IX electron-hole pair recom-
bination at K and an indirect IX recombination from Y to K, as indi-
cated in Fig. 5(c). Absorption measurements confirmed this scenario
by the detection of an exciton peak with the same energy as I, and the
absence of a peak with the I energy. Above 1 GPa, the PL spectra
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FIG. 4. Pressure-tuning of the electronic band structure in monolayer TMDs. (a) Electronic band structure of monolayer MX, TMDs under ambient conditions, where M is either
Mo or W and X is either S or Se. The features shown here are common to all monolayer MX, TMDs. The two valleys at KKK’ and the six vallegs at Q/Q’ are spin-split and exhibit
spin-valley locking. The energy difference between K and Q valleys (AEx_q) ranges from tens to hundreds of meV depending on the TMD.”” (b) Photoluminescence spectra of
monolayer MoS, at increasing pressures. Reprinted with permission from Fu et al. Sci., Adv. 3, 1700162 (2017). Copyright 2017 Authors, licensed under a Creative Commons
Attribution 4.0 License. (c) Photoluminescence spectra of monolayer WSe, at increasing pressures with the dashed lines indicating the exciton (X) and trion (X~) peaks. (d)
Pressure evolution of the X and X~ energy for monolayer WSe,. [(c) and (d)] Reproduced with permission from Ye et al., Nanoscale 8, 1084310848 (2016). Copyright 2016
Royal Society of Chemistry. (e) Schematics of the two-phonon double resonance Raman processes that gives rise to the modes composing the 2LA band for MoS, and WSe,.
Upon absorption of a photon and creation of an electron-hole pair near K, the excited electron is scattered to K’ (Q) valley by the emission of a phonon with momentum K (M).
The excited electron is then scattered back to K by the creation of a second phonon with opposite momentum and the electron-hole pair recombines emitting a photon. (f) Raman
spectra of monolayer MoS; highlighting in red (blue), modes arising from two-phonon K-K’ (K-Q) scattering processes. (g) Raman spectra of monolayer MoS, with increasing
pressures at 10 K. The red arrows indicate an enhancement of the intensity of the 2LA and LA bands. (h) DFT calculations for the band structure of monolayer MoS, with increas-
ing pressures. Red and blue represent the different spin-polarized bands. The arrows represent the Raman processes associated with K-Q scattering at different pressures. Red
and yellow arrows represent absorption and emission of a photon near the B exciton energy, while blue arrows represent spin-conserving phonon-assisted electronic scattering
between K and Q valleys. [(a) and (e)—(h)] Reprinted with permission from Pimenta Martins et al., ACS Nano 16, 8064-8075 (2022). Copyright 2022 American Chemical Society.

changes drastically, giving rise to two features termed as I and Ip, change the VBM from K to I', which could be directly probed by the
which according to DFT calculations would correspond to an indirect ~ changes in the PL features. Above 3 GPa, the authors observed a
IX electron-hole pair recombination from K and Y to I', respectively, quenching of the PL signal, being consistent with the indirect nature
as indicated in Fig. 5(d). Notice that the effect of pressure was to of the I and I, IXs PL peaks.
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mission from Xia et al., Nat. Phys. 17, 92-98 (2021). Copyright 2021 Springer Nature.

1l. HIGH-PRESSURE EXPERIMENTS
WITH PISTON-CYLINDER PRESSURE CELLS

A. Instrumentation and experimental technique
1. Piston-cylinder cell assembly and operation

The piston-cylinder pressure cell was invented in the late
1800s'"" and has since been employed across multiple fields of funda-
mental science including condensed matter physics and geology.
Although many variations of the piston-cylinder cell geometry have
been developed over the years, all involve positioning a sample within
a bath of a PTM and systematically compressing the sample enclosure
with a metal piston to raise the pressure. Most piston-cylinder cells
can support the application of pressure =3 GPa, although somewhat
higher pressure is possible with great care. Although this is orders of
magnitude smaller than the maximum achievable pressures in dia-
mond anvil pressure cells (discussed in detail in Sec. II), piston-
cylinder cells afford orders-of-magnitude larger sample volume and
are generally much easier to operate.

Figure 6(a) shows a schematic illustration of a piston-cylinder cell.
The main body of the cell comprises a metal cylinder with a small-
diameter hole bored axially through its center. Although the body of the
cell can be machined from a single piece of ultra-hard metal, modern
piston-cylinder cells achieve the highest pressures by utilizing a hybrid

double-wall design in which an inner metallic cylinder is tightly fit within
an outer metallic sleeve. Hard non-magnetic metals are generally desir-
able for condensed matter experiments; cells are typically constructed
with a CuBe outer sleeve and a superalloy inner shell (e.g., NiCrAl).

The sample of interest is mounted atop a CuBe stage, which is
initially detached from the main cell body. A Teflon cup filled with the
desired PTM is positioned onto the sample stage, thereby sealing the
sample completely within the PTM. The entire sample assembly fits
tightly into the bore of the pressure cell body, such that the sample
resides roughly in the geometric center of the cell. A metal piston, typi-
cally made from WG, sits atop the Teflon cup. Locking nuts enclose
the assembly on each end of the cell. The pressure is controlled by
applying force to the piston with a hydraulic press, thereby compress-
ing the Teflon cup and reducing the volume of the sample space. The
locking nut holding the piston in place is tightened as the Teflon cup
is compressed, maintaining the pressure in cell even upon removing
the load from the hydraulic press. After achieving the desired pressure
at room temperature, the entire pressure cell can be affixed to an insert
for cryogenic measurements. Piston-cylinder pressure cells can be
operated down to millikelvin temperatures and in magnetic fields in
excess of 40 T. However, changing the pressure requires warming the
cell to room temperature and temporarily reloading it into the hydrau-
lic press.
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FIG. 6. (a) Schematic of a vdW heterostructure device residing inside a piston-cylinder pressure cell. (b) Schematic of a monolayer graphene sheet encapsulated between
boron nitride crystals and resting on a flake of graphite. All of the layers compress toward each other under pressure. (c) Measurement of the gate capacitance, Cy, as a func-
tion of pressure in devices of graphene encapsulated by BN with a graphite back gate. Square (triangle) markers denote quantities extracted from measurements of the low-
field Hall resistance (the integer quantum Hall gap with filling factor v/1oi = +14). Colors represent measurements from different devices. (d) Bandgap of the primary Dirac
point (black squares) and the secondary Dirac point in the valence band (blue circles) as a function of pressure in an aligned graphene/BN device. The insets show cartoon
illustrations of the graphene band structure at ambient and high pressure. Adapted with permission from Yankowitz et al., Nature 557, 404-408 (2018). Copyright 2018

Springer Nature.

2. Electrical characterization of vdW samples

In order to perform electrical transport measurements of samples
under pressure, wires must penetrate into the sample space without
allowing the PTM to leak out of the cell. To achieve this, a thin hole is
drilled through the center of the sample stage prior to mounting the
sample. A handful of insulated wires are threaded through this hole
and epoxied into place (e.g., using Stycast), forming a leak-tight seal
that can withstand at least one pressure campaign. The sample is then
mounted atop the epoxy, and the wires are attached to the sample as
desired. The pressure inside the sample space can be determined either
optically or electrically. In the former case, an optical fiber is also
inserted into the sample space through the stage, and ruby crystals are
mounted near the end of the fiber. The fluorescence of the ruby crystal
is used to measure the pressure. In the latter case, additional wires can
be used to measure the resistance of pressure-sensitive metals in a
four-terminal configuration. Typically, a coil of manganin wire is used
to calibrate the pressure at room temperature, whereas the

superconducting transition temperature of tin is measured for low-
temperature calibration.

Creating electrical contacts to bulk materials is relatively straight-
forward, as the ends of the wires are simply pasted onto the sample.
However, establishing electrical contact to vdW devices presents addi-
tional challenges since they typically reside on planar Si/SiO, wafers
and are highly sensitive to electrostatic discharge. Various schemes
have been employed recently to overcome these challenges, including
carefully affixing the wafer to the epoxy and hand-pasting wires one-
by-one onto the sample electrodes,"’” and using designer printed cir-
cuit boards compatible with wire bonding for sample mounting,'"”

3. Modifying the interlayer spacing between vdW
crystals with pressure

The pressure inside the sample space of the piston-cylinder cell is
very nearly hydrostatic, assuming a suitable choice of PTM. However,
substrate-supported vdW heterostructures are highly anisotropic; the
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Young’s modulus of typical vdW crystals is orders of magnitude larger
in the 2D plane than in the out-of-plane stacking direction, ’* and the
sample rests on a Si/SiO, wafer on one side but is exposed directly to
the PTM on the other. The latter complicates the relationship between
the applied pressure and the lattice compression of the vdW crystals in
the 2D plane. However, since the sample is much more deformable in
along the vdW-stacked axis, the dominant effect of pressure is to
reduce the interlayer spacing between all neighboring vdW crystals
[see schematic in Fig. 6(b)].

Yankowitz et al.'’” established the relationship between pressure
and interlayer spacing by investigating transport in heterostructures of
graphene encapsulated by boron nitride (BN) crystals. A flake of
graphite positioned beneath the bottom BN dielectric acts as a back
gate electrode. The graphene charge carrier density, n, is directly
related to the applied gate voltage, V,, by the gate capacitance per unit
area, C,, following the relationship C, = en/V,, where e is the charge
of the electron. Figure 6(c) shows measurements of C, for a handful of
such devices, normalized to its value at ambient pressure. For each
data point, C, is extracted by determining the value of n at a given V,
from the low-field Hall effect or by tracking the position of a certain
integer quantum Hall state. The gate capacitance can be written equiv-
alently as C, = e /t, where ¢ is dielectric constant of BN, ¢ is the
vacuum permittivity, and ¢ is the thickness of the BN; thus, changes in
both e and ¢ contribute to its evolution with pressure. Although these
two quantities cannot be independently determined in the transport
experiments, comparison to ab initio calculations reveal that the inter-
layer spacing of the BN decreases by approximately 2.5% per gigapas-
cal of applied pressure. Roughly similar compression is also likely for
other vdW materials, as well as for interfaces between dissimilar crys-
tals, since all such layers are held together by a similar vdW adhesion.

B. Moiré materials under pressure

Heterostructures of vdW materials can be assembled by mechan-
ically stacking various atomically thin crystals atop one another. A
geometric interference effect known as a moiré pattern emerges when
neighboring vdW crystals are rotationally faulted and/or lattice mis-
matched. The moiré pattern acts as a periodic potential for charge car-
riers in the heterostructure, and can have a wavelength many times
larger than the atomic unit cells of the constituent crystals. Moiré pat-
terns were imaged by scanning tunneling microscopy in graphene
rotated on graphite'’” and graphene aligned with BN'"""'" over a
decade ago, but the study of moiré materials expanded rapidly follow-
ing the 2018 discoveries of superconductivity and strongly correlated
states in magic-angle twisted bilayer graphene (tBLG).”'"” Numerous
techniques have been developed to control the moiré wavelength,
including the “brute-force” method of simply fabricating many sam-
ples with different twist angles, aligning straight crystalline edges," " or
by dynamically rotating one crystal atop another using an atomic force
microscope tip."'"''* Equally important is the amplitude of the moiré
potential, which is dictated by the strength of the interlayer electronic
coupling between the constituent vdW crystals. This coupling is set by
the interlayer spacing between the crystals. Pressure therefore repre-
sents a distinct experimental tuning knob to modify the properties of
moiré materials, as it directly controls the strength of the moiré poten-
tial by enhancing the interlayer electronic coupling.

scitation.org/journal/are

1. Angle-aligned graphene/BN

The low-energy band structure of graphene is strongly modified
when it is in close rotational alignment with BN. The moiré potential
creates secondary Dirac points at finite energy in the graphene band
structure,'”* opens a gap at the Dirac point by breaking the sublattice
symmetry of the graphene,''’ and generates a recursive Hofstadter
butterfly spectrum in a magnetic field. """ These features depend
both on the moiré wavelength and its amplitude. Under pressure, the
energy gap of the Dirac point grows superlinearly owing to an
enhancement of the moiré amplitude [Fig. 6(d)]. Surprisingly, the gap
at the secondary Dirac point in the valence band appears to be roughly
insensitive to pressure. The graphene lattice is known to strain on the
moiré scale both in- and out-of-plane, and the details of this strain
field also depend on pressure. Theoretical modeling suggests that the
modifications of the graphene strain profile may reduce the gap at the
secondary Dirac point in nearly equal magnitude to the amount it is
enhanced by the larger moiré amplitude, resulting in an approximate
compensation.'”

2. Twisted bilayer graphene

The low energy bands of tBLG become extremely flat when the
two graphene sheets are twisted very near the “magic angle” of 1.1°.
Coulomb interactions between electrons become dominant in such
samples, leading to the emergence of superconductivity and a variety
of strongly correlated and topological states."'”''® The ratio of
Coulomb to kinetic energy (U/K) grows continuously as the twist
angle is tuned away from the magic angle, in principle enabling a care-
ful mapping of the correlated phase diagram as the strength of the
many-body interactions is varied. Although impressive progress has
been made in this direction, a full understanding has been complicated
by random inhomogeneous strains that form during sample fabrica-
tion, uncontrolled and unknown alignment of the encapsulating BN
crystals, and the requirement of fabricating and studying many sam-
ples with slightly different twist angles.

Pressure provides an alternative pathway toward tuning U/K
within a single tBLG device, stemming from the similar roles of twist
angle and interlayer coupling strength in determining the band struc-
ture. A “magic angle” is possible for a wide range of angles just above
1°, simply requiring the application of pressure to enhance the inter-
layer coupling and flatten the band. Figure 7(a) shows transport mea-
surements of a tBLG device with a twist angle of 1.27° both at 0 GPa
and at 2.21 GPa. Correlated states at integer band filling factors (v,
where v = *4 corresponds to full filling of the flat bands, and is alter-
natively referred to as *n;) are nearly absent at 0 GPa, and no signa-
tures of superconductivity are observed down to a base temperature of
300 mK. In contrast, at 2.21 GPa correlated insulating states are clearly
seen at ¥ = —2,+1,+2 and + 3, and superconductivity is observed
for a region of hole doping just beyond v = —2 [Fig. 7(b)]. Additional
measurements at 1.33 GPa show that the energy gaps of the correlated
insulators and the critical temperature of superconductivity evolve
non-monotonically with pressure [Figs. 7(c)-7(d)]. The non-
monotonic evolution of the apparent strength of correlations follows
the theoretical expectation that the band should be maximally flat at a
pressure of approximately 1.5GPa for a sample at this twist
angle.'”''"" Future experiments mapping out a higher density of
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FIG. 7. (a) Conductance of a tBLG device with a twist angle of 1.27° measured at 0 (gray) and 2.21 GPa (blue), acquired at a temperature of 300 mK. (b) Temperature-
dependence measurements of the device resistance at various pressures acquired at doping indicated by the blue arrow in (a). The sample is metallic at 0 GPa and supercon-
ducting at higher pressure. (c) Thermally activated energy gaps of the correlated insulating states at half and three-quarters filling of the flatband as a function of pressure. (d)
Pressure-dependence of the superconducting critical temperature, T;. [(a)-(d)] Reprinted with permission from Yankowitz et al., Science 363, 1059 (2019). Copyright 2019
AAAS. (e) Measurements of the energy gaps in a tDBG device with a twist angle of 1.07° measured as a function of displacement field and pressure. (f) Theoretical estimates
of the gaps calculated from the single-particle band structure. [(e) and (f)] Reproduced with permission from Szentpéteri et al., Nano Lett. 21, 8777 (2021). Copyright 2021

Authors, licensed under a Creative Commons Attribution License.

pressure points and in samples with different twist angles will help to
further elucidate this physics.

3. Twisted double bilayer graphene

Many moiré materials beyond tBLG can develop flat bands
driven by the superlattice potential, and in principle the correlated
and topological properties of all such systems should also depend on
pressure. Twisted double bilayer graphene (tDBG)—constructed by
stacking and rotating two sheets of Bernal-stacked bilayer gra-
phene' """’ —has also been investigated under pressure.'”* At ambi-
ent pressure, tDBG exhibits relatively flat moiré bands over a wider
range of twist angles than tBLG owing to additional band tunability in
a perpendicular displacement field. Correlated insulating states and
associated isospin symmetry breaking have been observed in devices
with twist angles just above 1°. These correlated states exist roughly
within a window of displacement field in which band gaps are open at
both the charge neutrality point (v = 0) and full band filling

(v = *4). These gaps are anticipated by calculations of the single-
particle band structure of tDBG and can be opened and closed
depending on both the displacement field and pressure. Szentpéteri
et al."”" measured the pressure dependence of these gaps in a tDBG
sample with a twist angle of 1.07° [Fig. 7(e)] and found that, in gen-
eral, they were either weakly tuned (v = 0) or substantially decreased
(v = *4) as the pressure is raised. The evolution of these gaps with
pressure is reasonably well explained by the single-particle band struc-
ture calculated with an enhancement in the interlayer coupling, shown
in Fig. 7(f). Symmetry-broken states are only very weakly developed at
this twist angle, so additional work remains necessary to map out the
full evolution of the correlated and topological states in tDBG tuned
by the combination of twist angle, doping, displacement field, and
pressure.

C. Controlling 2D magnetism with pressure

A rapidly growing family of vdW magnets have been identified
following the discovery of 2D magnetism in 2017."””'** Chromium
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triiodide (Crl;) is a prototypical example of a 2D Ising ferromagnetic
insulator, exhibiting out-of-plane ferromagnetism within each mono-
layer and antiferromagnetic interlayer coupling.'”* The layer-
dependent magnetism of few-layer Crl; crystals has been probed in a
number of distinct ways, including optically using reflective magnetic
circular dichroism (RMCD)'** and electrically in magnetic tunnel
junction geometries.'””'”* Following the isolation of monolayer Crls,
it was quickly recognized that the interlayer stacking configuration of
the Crl; is likely connected to its interlayer magnetic ordering. The
bulk Crl; crystal is known to undergo a structural transition from a
monoclinic to rhomobohedral stacking configuration upon reducing
the temperature below 220K,'” whereas Raman spectroscopy and
second-harmonic generation measurements indicate that few-layer
Crl; remains stacked in the monolinic configuration down to cryo-
genic temperatures' " [see schematics in Fig. 8(a)]. Bulk crystals

REVIEW scitation.orgl/journal/are

further exhibit interlayer ferromagnet ordering below the Curie tem-
perature, in contrast to the interlayer antiferromagnetism found in
few-layer Crl;.

Song et al."’' and Li et al."”” simultaneously reported that pres-
sure could be used to directly manipulate the magnetic ordering of
few-layer Crl; by irreversibly altering its interlayer stacking configura-
tion from monoclinic to rhombohedral. Figure 8(b) shows bulk
tunneling measurements across a bilayer Crl; surrounded by graphite
electrodes at a few different pressures, taken from Ref. 131. Hysteresis
in the tunneling current, indicating the magnetic field at which the
bilayer switches from interlayer antiferromagnetic to ferromagnetic, is
found to persist to a pressure of at least 1.46 GPa. However, the hyster-
esis vanishes in the measurement performed at 2.70 GPa, indicating
that the Crl; bilayer is a layer ferromagnet at all magnetic fields. The
pressure-dependence of the interlayer magnetic ordering is further
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FIG. 8. (a) Schematic of the rhombohedral (top) and monoclinic (bottom) stacking configurations of bilayer Crls. The green (purple) atoms represent the Cr atoms in the top
(bottom) layer, while the brown ones represent the | atoms. The top (side) view is shown on the left (right). The black arrows represent the magnetic ordering. (b) Tunneling
current, I, vs magnetic field in a bilayer Crl; tunnel junction device acquired at a series of pressures. (c) RMCD measured at three different points on a trilayer Crl; flake, as
indicated by the inset illustrations in the bottom right of each panel. The measurements are performed at 0 GPa after a pressure of 2.45 GPa was applied to the sample. The
cartoon insets in (b) and (c) depict the magnetic states at each applied magnetic field. Adapted with permission from Song et al., Nat. Mater. 18, 1298-1302 (2019). Copyright

2019 Springer Nature.
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confirmed by optical spectroscopy performed on the samples before
and after the pressure cycle.

Figure 8(c) show RMCD measurements of a trilayer Crl; sam-
ple,""" acquired after applying a pressure of 2.45GPa to the sample
and then unloading the pressure back to ambient. Three different
types of magnetic ordering are observed, corresponding to different
regions of the sample. Region R exhibits a single hysteresis loop sur-
rounding B=0, indicative of interlayer ferromagnetism. Regions P
and Q are more complicated, with numerous step-like jumps in the
RMCD and hysteresis surrounding numerous values of B. These
regions correspond to two different forms of interlayer antiferromag-
netism, as indicated by the schematic insets surrounding the data. The
results indicate that sufficiently high pressure drives an irreversible
monoclinic-to-rhombohedral conversion of the stacking order of the
Crl;, which persists even upon removing the pressure. Measurements
of the polarization angle dependence of the Raman spectroscopy fur-
ther corroborate this conclusion,'”"'”* showing a fourfold polarization
dependence indicative of monoclinic stacking prior to applying pres-
sure, and an absence of polarization dependence indicative of rhombo-
hedral stacking subsequent to applying pressure.

D. Pressure-tunable proximity effects

When dissimilar vdW crystals are stacked atop one another,
proximity effects between them can modify the properties of each
of the constituent crystals."”” A well-studied example is the case of
graphene on transition metal dichalcogenide (TMD) substrates.
Although freestanding graphene has extraordinarily weak spin—
orbit coupling (SOC) on the order of tens of peV, the proximity
effect from the TMD substrate can enhance it to values of a few
meV.""""""" Theoretical modeling, unsurprisingly, predicts that
the value of the proximity-induced SOC grows rapidly as the inter-
layer spacing between the graphene and TMD is reduced.'”” Fiilsp
et al.""” study the SOC in a graphene/WSe, heterostructure up to a
pressure of 1.8 GPa. They extract the strength of the Rashba SOC
from measurements weak antilocalization and estimate that it is
enhanced by approximately a factor of two over the accessible
range of pressure. These measurements highlight the great promise
of using pressure to directly control proximity effects in vdW
heterostructures.

IV. HIGH PRESSURE EXPERIMENTS USING SCANNING
PROBE MICROSCOPY

In addition to diamond anvil cells and piston-cylinder cells, scan-
ning probe microscopy (SPM) constitutes a family of techniques that
enables the application of large axial pressures onto thin vdW materi-
als. Using a hard tip at the end of cantilever, it is possible to apply pres-
sure in the range of several GPa under a chosen and controlled
environment (ambient, vacuum, or different atmospheres and temper-
atures). Through this approach, a variety of experiments have demon-
strated the transformation of the parent vdW materials into novel
phases with exquisite properties. In the following sections, we will
describe some aspects of the required instrumentation (Sec. IV A),
some representative studies of SPM-induced modification of several
vdW materials (Sec. IV B) and a few other SPM-enabled tweaking of
their electromechanical properties (Sec. I'V C).

scitation.org/journal/are

A. Instrumentation and experimental technique

Figure 9 schematizes the process of pressure application onto
vdW materials via SPM. A sample, consisting of mono- to few-layered
flakes of the chosen vdW material is placed (or grown) atop a hard
and smooth substrate (a piece of doped Si wafer with a 300 nm-thick
layer of Si oxide is a common choice) and, then, transferred onto any
conventional SPM apparatus. The cantilever-tip system, an integral
part of any SPM setup, provides the application of force (or pressure)
onto the sample when it is brought into physical contact with the sam-
ple surface by piezoelectric actuators. The cantilever acts as a spring
with a characteristic constant k, enabling the application of controlled
forces upon its deformation against the sample surface. Through the
variation of the cantilever material, geometry, dimensions and defor-
mation, the applied force may range from picoNewtons to
microNewtons. A tip, at the end of the cantilever, transfers the cantile-
ver deformation force onto the sample, creating an effective sample
deformation area S. Due to the nanometric dimensions of the tip end
and the range of the applied forces, such tip-sample interaction area
may range from few nm” up to hundreds of nm”. Therefore, the effec-
tive applied pressure may range from few kPa up to tens of GPa. It is
important to stress here that, different from DACs, where the applied
pressure is isotropic, the SPM applied pressure has an axial nature and
its value may vary across the effective deformation area S (being larger
at the center and smaller at the border). Moreover, it is a localized
effect. In other words, only the region of the sample directly beneath
the SPM tip is eventually modified, with the remaining vdW material
remaining unchanged.

As a consequence of its working mechanism and considering the
relation between applied force and applied pressure in typical SPM
experiments, the exact estimation of pressure values is not trivial. It
requires the use of an approximate contact mechanics model (there
are several: Hertz, JKR, DMT, Maugis, and others), the precise value of
the tip radius R and the precise value of the sample deformation d
under the applied force to estimate S (and, therefore, P)."*"""** For
example, using the simplest model—Hertz model for non-adhesive
elastic deformations—the radius a of the contact area can be estimated
as a = (R.d)'/?, where R is the tip radius and d is the deformation of
the vdW material. """ In most cases, the value of R is typically within
the range between 10 and 30 nm and d is in the range of 0.1-1nm.

FIG. 9. Schematic illustration of SPM-controlled modification of vdW materials via
pressure application. The tip at the end of a cantilever (in yellow-green shades)
compresses the vdW layers (blue-green shades) placed (or grown) atop a hard
substrate (e.g., doped Si covered with a thin Si oxide layer). In addition to the
mechanical characterization, the SPM apparatus also enables electrical characteri-
zation via application of a bias V between tip and sample.
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This gives a contact radius a in the range between 1 and 6 nm. Using
P =F/S, where P (F) is the applied pressure (force) and S is the area of
contact S = 7a®, one gets a typical pressure of 10 GPa for an applied
force around 300 nN and a contact radius of around 3nm.
Theoretically and within the Hertz model, the deformation d increases
with applied force F as d = {9F*/[16(RE')*|}'/3, where E/ is the reduced
elastic modulus given by 1/E' = (1-v2)/E, +(1-13)/E, and E; (E,) are
the elastic moduli and v, (v,) are the Poisson’s ratios associated with
SPM tip and vdW flake, respectively.*” Hence, the radius a of the con-
tact area grows with applied force F as a = (3RF/4E')!/3."*""** Even
though this equation shows a simple relation between applied force and
contact area, it depends on the reduced elastic modulus E’, which has a
complicated convolution between the elastic properties of the ultrathin
vdW flake and its supporting substrate. In other words, the experimen-
tal determination of E’ is non-trivial and, thus, the experimental deter-
mination of the contact area is non-trivial (and prone to significant
approximation errors). Therefore, due to these large uncertainties in the
quantitative values of the contact area, most SPM pressure-related stud-
ies prefer to use experimental force values, which are much more precise
and much less model-dependent than experimental pressure values.
Nevertheless, there are sub-nanometer indentation techniques, where
the substrate effect is well modeled and, thus, the tip pressure determi-
nation is more reliable. "’

The role of SPM in pressure-modification of vdW materials goes
beyond the modification itself and includes some characterization possi-
bilities as well. Since the pressure-induced modifications of vdW materi-
als involve mechanical and/or electrical changes in the parent material,
different SPM techniques, such as force spectroscopy, conductive AFM,
electrostatic force microscopy (EFM), and scanning Kelvin force micros-
copy (SKPM), can also be used to probe such electromechanical effects.
In force spectroscopy, the same procedure used to apply pressure onto
the vdW material is used to record force-displacement curves, which
can be analyzed based on some contact mechanics models and yield
information about hardness and/or elastic modulus of the modified
material. *""'** Regarding electrical characterization, a common tech-
nique is conductive AFM (c-AFM), where a bias is applied between the
AFM tip and sample and the flowing electrical current is monitored.
Albeit being an efficient characterization method, c-AFM requires either
a conducting substrate where the vdW is placed on or a direct electrical
contact to the flake (which requires sophisticated lithography processes).
Nevertheless, there are two other electrical SPM techniques that do not
require direct electric contact with the vdW flake: EFM and SKPM,
which characterize free charges, dielectric properties and work function
variations.""'*" A common approach involves the use of a biased AFM
tip to transfer electric charges to the vdW material, while applying the
desired pressure, and the efficiency of this process is analyzed via EFM
imaging.''"’ Specifically, in the charging process, a biased AFM tip is
kept in contact with a given region (a single point—without any scan-
ning) of the vdW material during a constant contact time (typically,
t=01 ') transferring charges to it. After injection, the extra
charges on the sample induce image charges of opposite sign in the
EFM tip during the scan, where the tip is kept at a distance z from
the surface, leading to an attractive tip-sample interaction which shifts
the cantilever oscillation frequency to lower values." """

Therefore, this EFM response Aw can be directly correlated with
the amount of injected charges q as follows: the general theory of EFM
shows that the frequency shift Aw measured in EFM images is
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proportional to the gradient of the electrostatic tip-sample force dF/dz
due to the electric field E by

wo OF
2k 0z’
where @, and k are the cantilever resonant frequency and spring con-
stant, respectively.'"' The surface charge density ¢ (¢ = q/A) in a
given flake can be estimated from EFM images considering the electric
field E of a disk of effective radius R. It is known that the electric field
E at a distance z from the disk is

Aw (4)

E— o l—-z ©)

22 R
where € is the electrical permittivity of the air. After some manipula-
tion of Egs. (4) and (5), it results that the charge density ¢ can be esti-

mated by
4keAa (2> + R?)>? ©
g=\——
nr2R2w, ’

where r is the EFM tip radius. In other words, Eq. (6) states that the
amount of charges q is directly proportional to the square-root of the
EFM response: q = f(Aw)'/?, where f§ is a constant. One should note
that the above methodology does enable the estimation of the injected
charge density ¢ in units of charge per area. However, as Eq. (6) shows,
in order to calculate g, one needs to know the value of R, which is the
radius of the effective disk of charges interacting significantly with the
EFM probe. Such an estimation of R should take into account the tip-
flake distance, tip radius r and even dielectric/screening properties of the
flake material. Thus, the estimation of R may become quite arbitrary
and introduce an unnecessary source of quantitative error in the mea-
sured charge values. Therefore, in many cases, the value of 5 is left non-
estimated and the results are expressed in terms of the EFM signal Aw,
which are surely proportional to the real quantitative charge values.

Another important experimental issue for the correct investiga-
tion of the charging process is the relative humidity of the environ-
ment around a charged sample. Since the EFM methodology
described above is relatively slow (it takes several minutes to acquire
an EFM image), one needs to avoid any spontaneous discharging pro-
cesses at this timescale if the correct values of q are to be estimated.
Some works reported that water vapor molecules under ambient RH
conditions are the main source for spontaneous discharge of electrified
surfaces.””'" Therefore, for the correct estimation of the injected
charge g, a dry environment (usually dry N, atmosphere) surrounding
the sample is employed. SKPM characterization requires the applica-
tion of both AC and DC biases between tip and sample (without any
mechanical stimulation applied to the cantilever).""' The presence of
free charges on the sample and/or work function differences induce an
oscillatory force between tip and sample at the same frequency of the
applied AC bias."*' Using appropriate DC bias applied to the tip and a
feedback mechanism, it is possible to determine the sample’s surface
potential and eventual work function differences.” """

B. Pressure-induced phase transition in 2D materials

As described above, SPM techniques enable simultaneous
pressure-related modification and subsequent characterization of
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materials. This is exemplified in earlier studies with carbon nanotubes,
where deformation-induced electronic transition is shown to occur in
semiconducting nanotubes' " or where the universal behavior of car-
bon nanotube deformation is demonstrated. " The first study of
SPM-controlled pressure-induced phase transition in 2D materials
was published in 2011,”* where the room-temperature diamondization
of few-layer graphene was evidenced via electrical measurements [see
Figs. 10(a) and 10(b)]. Panel (a) shows the charging efficiency, which
is proportional to the EFM frequency shift Aw, as a function of applied
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force (by the SPM tip) for monolayer and bilayer graphene. While the
charging efficiency is constant for monolayer graphene (black sym-
bols), it decreases significantly for bilayer (green symbols) and few-
layer (not shown in this panel) graphene, which is a signature of gap
opening and, thus, electrical evidence of the diamondization transi-
tion.””""” Structural evidence for such process [illustrated in the car-
toon in Fig. 10(b)] were shown in a subsequent work using Raman
spectroscopy at high pressures [see Fig. 3(a)].” The same process was
also observed for bilayer graphene grown on SiC using force
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FIG. 10. SPM-controlled pressure-induced modification of vdW materials. (a) and (b) illustrate the process of graphene diamondization via pressure application [see the car-
toon in (b)]. The graph in (a) shows a significant decrease in the charge transfer efficiency (measured as the EFM frequency shift Aw) as the applied tip force increases for
bilayer graphene, indicative of gap opening. [(a) and (b)] Reproduced with permission from Barboza et al., Adv. Mater. 23, 3014-3017 (2011). Copyright 2011 John Wiley and
Sons. A similar diamondization process is evidenced in mechanical measurements shown in (c), where bilayer graphene becomes harder as it is compressed by the SPM tip.
(c) Reproduced from Gao et al., Nat. Nanotechnol. 13, 133 (2018). Copyright 2018 Springer Nature. (d) and (f) illustrate the pressure-induced modification of h-BN, either via
electrical characterization [(d) and (€)] or mechanical characterization (f). The “diamondization” of h-BN leads to gap closure [(d) and (e))] and material hardening (f). [(d) and
(e)] Reprinted with permission from Barboza et al., ACS Nano 12 5866 (2018). Copyright 2018 American Chemical Society. (f) Reproduced with permission from Cellini et al.,
Adv. Sci. 8 2002541 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution License. The pressure effect on graphene/h-BN heterostructures is shown
in panels (g) and (h), which show different electrical behaviors depending on the number of graphene layers atop a h-BN flake. The SKPM image in (h) readily differentiates
graphene and h-BN layers and the substrate. [(g) and(h)] Reprinted with permission from Barboza et al., Carbon 155, 108-113 (2021). Copyright 2021 Elsevier. (i) Pressure-
induced transitions in TMDs were also investigated via electrical SPM characterization, showing two distinct mechanisms of gap closure. Reproduced with permission from
Bessa et al., ACS Appl. Nano Mater. 4, 11305 (2021). Copyright 2021 American Chemical Society.
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spectroscopy [panel (c)] and conductive AFM.”” The graph in Fig.
10(c) indicates significantly smaller indentation depths for bilayer gra-
phene in comparison to the SiC substrate for the same applied tip
force, evidencing a hardening effect of bilayer graphene upon pressure
application.”” This hardening effect was further confirmed via hydro-
static high-pressure experiments, where bi-, four-, and five-layer gra-
phene samples were compressed in a water medium. After the onset of
the phase transition, revealed by Raman spectroscopy and optical
images, the SiO,/Si substrate showed indentation marks along the
edge of the samples™ (see discussion in Sec. I1 C). Additional conduc-
tive AFM data under high pressure (data not shown) also show a
decrease in electrical conductivity, consistent with the gap opening
hypothesis.””

After the initial SPM studies with graphene systems, an immedi-
ate question arose regarding whether the same effect could be observed
in other systems. The most natural candidate would be hexagonal
boron nitride (h-BN), also dubbed as “white graphene,” which has
strikingly similar structure to graphene. However, opposite to gra-
phene, h-BN is a wide bandgap material (6 V) which may be used as
a deep UV source.” Due to its structural similarities with graphene,
monolayers and up to few-layers h-BN were investigated using the
same SPM methodology initially applied to graphene as shown in Figs.
10(d) and 10(e). The graph in Fig. 10(d) shows that the charging effi-
ciency of h-BN few-layers actually increase upon force (pressure)
application by the SPM tip (green symbols), while the charging effi-
ciency remains constant for monolayer h-BN and the Si oxide sub-
strate (orange and red symbols, respectively).** Such increase in
charging efficiency is indicative of gap closure,'"” suggesting that a
3D-rehybridized BN material would be a conducting material. This
was indeed confirmed in an ensuing SPM experiment [summarized in
panel, Fig. 10(e)]. The left side of Fig. 10(e) shows two structural mod-
els for bilayer h-BN: uncompressed 2D h-BN (upper model) and the
proposed 3D-rehybridized h-BN structure (lower model). " The
background image in Fig. 10(e) is an EFM image of a large h-BN few-
layer flake [green-yellow shades in Fig. 10(¢)]. A small square region
(~2 ,umz)—on the low-right part of Fig. 10(e)—was continuously
compressed (F=300 nN), creating a rehybridized region.'*” Then,
single point charging procedures were carried out on a pristine region
of the h-BN flake [upper violet circle in Fig. 10(e)] and on the center
of the rehybridized square region. Subsequent EFM imaging allowed
the analysis of the charge spread in both pristine and modified regions.
Being an insulator, electrical charges do not spread across the pristine
h-BN and a small circular region is observed [upper violet circle in Fig.
10(e)]. However, the EFM image shows that the injected charge is
homogeneously spread across the entire modified square region,
evidencing the conducting nature of this new pressure-modified h-BN
compound.®  Another recent study indicates a similar 3D-
rehybridization of h-BN using SPM-based compression, as illustrated
in Fig. 10(f)""". Similar to the graphene case in panel (c), the graph in
panel f indicates a noticeable hardening of 2-3 layer h-BN upon com-
pression when compared to the Si oxide substrate, suggesting a similar
“diamondization” effect of h-BN.”*'*

Following the 3D-rehybridization processes shown to occur in
graphene and h-BN,”"*/*"**""V it is only natural to wonder what
would happen to a graphene/h-BN heterostructure under compres-
sion. Such question was answered in a SPM-based study where mono-
layer, bilayer and tri-layer graphene were placed atop h-BN flakes and
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the formed heterostructures were compressed and their electrical
response analyzed.” Figures 10(g) and 10(h) illustrate the richness of
phenomena occurring in such heterostructures under compression.
The SKPM image in Fig. 10(h) shows the surface potential difference
between a multilayered h-BN flake (in blue-green shades) and a tri-
layer graphene flake (in yellow) placed atop it. Figure 10(g) summa-
rizes the results for all investigated heterostructures in a graph of
charging efficiency as a function of applied tip force. For the case of a
monolayer graphene atop h-BN (red symbols), a significant decrease
in the charging efficiency indicates gap opening with covalent bonding
between graphene and h-BN layers (a process similar to the diamond-
ization of graphene).””””’*'*” The phenomenology changes for the
cases of bilayer (green symbols) and tri-layer (blue symbols) graphene
atop h-BN. After an initial decrease in charge efficiency (indicative of
gap opening) at small applied forces (pressure), both systems evolve to
a final conducting state (increase in charging efficiency), similar to the
case of h-BN under pressure, * as the applied force (pressure)
increases.”” Transition metal dichalcogenides (TMDs) constitute
another important class of vdW materials with attractive optoelec-
tronic properties.”'”"'”* Most TMDs are semiconducting materials
with energy gaps in the 0.5-2€V range"'”"'"* and some theoretical
studies have proposed a pressure-induced gap closure for these materi-
als,””"'"" which were indeed observed using different experimental
techniques.'™* '™ A recent SPM-based study has investigated four dif-
ferent TMDs and has shown two distinct pressure-induced gap closure
process for each of them [see Figs. 10(i)]."”” The graph of charging effi-
ciency as a function of applied tip force shows an initial increase in
charge efficiency at low forces (pressure) for all TMDs (MoS,, WS,,
MoSe,, and WSe,), which is associated with surface functionaliza-
tion."”” After well-marked plateaus, the charge efficiency increases
again at higher applied forces (pressure), which is associated with
structural changes in the TMDs (interlayer approximation and intra-
layer deformation)."” ">’

C. Pressure-tuning of properties of 2D materials

The use of SPM techniques to modify vdW materials via pressure
application goes beyond the structural “diamondization” processes,
including covalent bond formation, described above. There are also a
few other examples of SPM-controlled pressure-modification of mate-
rials that lead to some interesting phenomena, as illustrated in Fig. 11.
One such case uses a combination of pressure application and lateral
tip movement to create a giant negative dynamic compressibility of
some vdW materials (graphene, h-BN, MoS,, and talc)'*"'*' —see
Figs. 11(a)-11(d). The contact mode AFM images in panels (a)-(c)
show the apparent height (thickness) evolution of a bilayer graphene
flake with the applied tip force (pressure) during the imaging scan: as
the force (compression) increases, the bilayer graphene becomes
apparently thicker. These seemingly counterintuitive results are sum-
marized in the graph in panel (d), which shows the measured height
profile of the flake for each applied force.'”” Such giant negative com-
pressibility effect is actually the result of a pressure-dependent shear
effect which induces flake corrugations as the tip is scanned across its
surface.'* The effect of tip-induced deformation was also observed for
epitaxial graphene grown on SiC'°*'** and graphene on h-BN.'** As
illustrated in Fig. 11(e), there is a measurable deformation of the epi-
taxial graphene as the AFM tip-sample interaction increases.'*” A sim-
ilar study explores the possibility of pressure-induced commensurate
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FIG. 11. SPM-based pressure-tuned properties of vdW materials. (a)-(c) Contact mode AFM images of the same graphene bilayer flake with increasing applied tip forces
showing an apparent thickening (expansion) of graphene upon compression. Such giant negative compressibility is evidenced in the graph in panel (d). [(a)—(d)] Reprinted with
permission from Barboza et al., Nano Lett. 12, 2313 (2012). Copyright 2012 American Chemical Society. (e) Effect of the AFM tip pressure on SiC-grown graphene morphol-

ogy. Reproduced with permission from Meza et al., Nanotechnology 26, 255704 (20
mation is observed when graphene is placed atop h-BN, leading to different topogra

15). Copyright 2015 IOP Publishing. (f)—(g) A Similar effect of graphene tip-induced defor-
phic patterns. Reproduced with permission from Yankowitz et al., Nat. Commun. 7, 13168

(2016). Copyright 2016 Authors, licensed under a Creative Commons Attribution. (h) Cartoon illustrating a piezoelectric domain switch of MoS, monolayers induced and con-
trolled via the SPM tip. Reproduced with permission from Lipatov et al., npj 2D Mater. Appl. 6, 18 (2022). Copyright 2022 Authors, licensed under a Creative Commons

Attribution.

stacking of graphene on h-BN [Figs. 11(f)-11(g)].""" As illustrated in
panel g, the pressure exerted by the STM tip deforms the monolayer
graphene causing a significant variation on the observed topography
[left and right images in Fig. 11(f)]."" Finally, a recent study has

shown the possibility of switching the out-of-plane polarization of
MoS, via pressure application by an AFM tip.'*” As illustrated by the
cartoon in Fig. 11(h), some piezoelectric properties can be tuned in
desired patterns on a Mo$, flake.'*”
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V. MODELING ATOMICALLY THIN VAN DER WAALS
MATERIALS AT HIGH PRESSURES

What makes a 2D pressure-induced phase transition and/or
modulation of electronic properties special relative to its bulk counter-
part? A first aspect, as pointed out by Kvashinin et al.,'*" concerns the
central role played by surface chemistry in the 2D case, which may
trigger structural phase transitions in relative smaller values of pres-
sure. The covalent incorporation of other chemical species at the sur-
face is, by itself, an important ingredient in the structural and
electronic characterization of the resulting structure. A second aspect
concerns the idiosyncrasies of layered compounds, which allows for
electronic modulation by application of an in-plane strain or by a
pressure-induced control of interlayer interactions. In the following,
we shall use carbon and related materials to illustrate the first point
and transition metal dichalcogenides and twisted layers to address the
second. Prior to this discussion, we shall present the main theoretical
approaches that have been employed to address the problem of the
characterization of 2D nanostructures under pressure.

A. Methodology

From the methodological point of view, the problem of 2D nano-
structures under pressure has been addressed by standard techniques,
such as the Pseudopotential Density Functional Theory (DFT) formal-
ism, the tight-binding method and molecular dynamics simulations.
More subtle is the scheme adopted to simulate the application of pres-
sure in a first principles approach. The vacuum region inherent to 2D
models prevents, in principle, a straightforward implementation of
pressure effects with constraints imposed on the components of the
stress tensor. Fixing position of selected atoms may introduce unphysi-
cal ingredients to the problem. The issue has been circunvent with dis-
tinct approaches. To mimic the effect of uniaxial pressure in silicene
layers, Tantardini et al.'®” has filled the vacuum region with helium
layers. This scheme allows for a full relaxation of in-plane lattice vec-
tors and do not involve any position constraint in the system. In
another approach, the uniaxial pressure problem has been overcome
by the adoption of the so-called “hard wall” constraints. As before, the
method does not require any atom to be fixed. However, limits are
imposed on the maximum and minimum values of the vertical com-
ponents (along the z-axis) of atomic positions—the force component
F, is set to zero if it is positive and the z-component of the position is
larger than a predefined upper limit, with analogous constraints
imposed in the bottom region. The pressure is estimated by the
remanent (or constrained) forces in one of the surfaces. The case of
hydrostatic pressure can be addressed by a combination of schemes:
in-plane pressure controlled by the constrained stress tensor, while
vertical forces adjusted with the above method. Alternatively, in the
case of flat surfaces, the vertical forces may be predefined as con-
straints in the upper atoms during the relaxation, while the hard wall
scheme is kept only in the bottom surface.”®

Temperature and layer thickness are also important variables.
Kvashnin et al.,,'® for instance, determine the Gibbs free energy from
DFT calculations, which allows for the construction of the phase dia-
gram including pressure, temperature, and layer thickness. In this
approach, the Gibbs potential, following the work of Kern et al,'"" is
given by

G(P,T) = Eo(V) + PV + Up(V) + Fu(T, V), ()

scitation.org/journal/are

in which E, is the total energy, F,; and U, are the vibrational and
zero-point energies, respectively, and are determined in terms of the
phonon density of states g(V, w),

Fp = kBT[ g(v, w)ln[l — 67&%] do, 8)
Ja

1
Up(V) = 3 Jg(V, w)hodo. 9)
Once the Gibbs potential is calculated, the temperature depen-
dent phase transition pressure value can be determined.

B. Structural phase transitions

Few-layer graphene furnishes a good example of phase transition
driven by pressure application. Indeed, if pressure is applied to a
bilayer graphene in the presence of adsorbates, such as water vapor
molecules, a concerted action may take place: (i) as a response to the
pressure, the layers approach each other, which increases the sp>char-
acter of the chemical bonding in the carbon system; (ii) the surface
reactivity increases and the formation of ~H and/or ~OH radicals are
facilitated in such scenario, resulting in the binding of chemical species
in those atoms which would be left with unsaturated bonds in an all-
sp’ configuration; and (iii) a cooperative effect, driven by the geomet-
ric corrugation characteristic of the tetrahedral sp® bonds, propagates
the reaction throughout the surface. The result may be a single-sided -
H and/or -OH functionalized two-layer diamond-like structure,
named diamondol (or graphone-like structure or diamondene), or a
complete functionalized 2D-diamond, the diamane.

The former has been observed and characterized in scanning
probe microscopy (SPM) experiments’ '~ and in pressure vessels cou-
pled to Raman spectroscopy apparatus,”® while the latter have been
extensively investigated””””'*” since first theoretical proposals of ana-
logue structures based on fluorinated graphene bilayers.'”” In fact, the
role of surface chemistry is so important in such thin material that
some authors report the synthesis of diamane under ambient condi-
tions in experiments in which a hot filament provides -H radicals to
interact with graphene.'”" Figures 12(a) and 12(b) show the relaxed
DFT structures for both compounds.

Both, diamondol and diamane have been theoretically character-
ized by DFT calculations, which shows that the phase transition, esti-
mated in the diamondol case to take place at P ~10.0 GPa, is
accompanied by strong modulation of electronic and mechanical
properties. Diamane is a wide gap direct semiconductor. Diamondol—
its single-sided counterpart—is a ferromagnetic semicondutor. This
behavior is explained in terms of an array of unsaturated bonds left in
the lower part of the structure. Each dangling bond possess a magnetic
moment of 1 pip, within the DFT-GGA description, and a dispersive
and spin polarized band shows up as the first conduction band. The
energy gap assumes the value of 1.1eV, considerably reduced com-
pared to the diamane case. Figures 12(d) and 12(e) show band struc-
tures for diamane and diamondol, highlighting the low energy bands,
which defines the gap region.

The diamondization of a bilayer graphene could be probed by
the assessment of its mechanical properties: Does the transformed
structure exhibits stiffness and hardness compatible with a diamond-
like film? That was exactly the approach carried out by Gao et al.”” to
prove the sp® to sp’ rehybridization. With calculations based on
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FIG. 12. Relaxed structures (a)—(c) and DFT-GGA band structures (d)—(e) for dia-
mane, diamondol, and bonitrol, respectively, were calculated using the SIESTA soft-
ware.'"*""® The Fermi level is set to zero in all plots. Diamane is a direct bandgap
semiconductor (d), while diamondol is a ferromagnetic semiconductor (). An array
of unsaturated bonds left in the lower part of the structure confers two dispersive
and spin-polarized bands to diamondol. Bonitrol, on the other hand, has a metallic
behavior (f), with the defective band crossing the Fermi level. Both diamondol and
bonitrol possess a magnetic moment of 1 B. Light cyan, red, gray, blue, and pink
spheres represent H, O, C, N, and B atoms, respectively.

atomistic models combined with Hookean force fields, they were able
to estimate force vs indentation depth curves in distinct scenarios. The
comparison with experimental indentation curves strongly supported
the phase transition hypothesis.

The sp”-sp’ rehybridization may propagate throughout the struc-
ture if more layers are available. In the diamondol case, it represents a
top-bottom process, which requires increasing values of pressure.
Here, the stacking order shows up as a new variable: in a few-layer gra-
phene with AB stacking, the diamondization eventually requires layer
sliding, which, interestingly, may lead to the stabilization (from the
third layer, counting from the top surface, to the bottom of the struc-
ture) of a hexagonal diamond lonsdaleite-type stacking.”* In principle,
this agrees with calculations in graphite to diamond transitions, which
indicates the important role of kinetics effects in favoring an initial
nucleation mechanism for hexagonal diamond and its faster propaga-
tion growth.'””

The phenomenology has also been observed in other 2D materi-
als—hexagonal boron nitride (hBN) is the immediate example due to
the chemical similarities between C-C and B-N bonds. In fact, it leads
to similar structural features, but, obviously, with marked differences
in the electronic aspects. In the hBN case, -OH radicals may bind to
the upper boron atoms as the layers approach each other, promoting
the restructuring and leaving an array of dangling bonds in the nitro-
gen atoms of the bottommost layer,"** as shown in Fig. 12(c). Again,
localized states are responsible for magnetic ordering and spin polar-
ized bands, as it can be seen in Fig. 12(f). Due to the proximity of these

scitation.org/journal/are

unsatured bonds, the defective band is relatively dispersive and crosses
the Fermi level, rendering metallic behavior to the resulting com-
pound. The threshold pressure required to trigger the process has been
estimated to be 7.0 GPa. In few-layer systems (up to seven layers), cal-
culations suggest that pressure values of this order keeps the rehybridi-
zaton restricted to the two top layers.On the top surface, N-H bonds
may be formed instead of B-OH bonds, leaving the dangling bonds at
the bottom side centered at boron sites. This configuration is thermo-
dinamically less stable than the previous one, though. A complete dia-
mondization of atomically thin hBN on top of SiO, substrate—a BN
diamane analogue—has also been observed and characterized with
spectroscopic and theoretical techniques'™’ based on molecular
dynamics simulations. The authors described its formation as induced
by pressure with no need of chemical functionalizaton. The sp* to sp’
conversion is accompanied by a stiffening phenomenon in the pres-
sure range of 2.0-4.0 GPa for bi- and trilayers.

The question on reversibility has also been addressed. The experi-
mental reports’ ' suggests a reversible transformation. The theoreti-
cal treatments rationalize this trend in terms of functionalization
coverage: above a critical coverage, ultra-thin diamond-like structures
may become stable.””

How would be the behavior of 2D few-layer structures based on
heavier elements? A systematic study conducted by Tantardini et al.
on silicene layers shed light on this issue.'”” At zero pressure, silicene
layers are corrugated, reflecting the predominance of a sp® hybrid orbi-
tals in the chemical bonds. The availability of d orbitals in the third
electronic shell is a second important distinction relative to the carbon
case. Upon uniaxial pressure, it is energetically more favorable for the
hybridization in bi- and trilayers in AA and AAA stackings to pass
from sp’ to sp’d, rather than to sp’. The characteristic geometry of sp’
hybrids is a trigonal bipyramidal arrangement, which confers a flat
configuration to the layers. Therefore, the geometry does not evolve
following a diamondization process, as in the carbon case. A charge
redistribution does occur, though, and suggests the use of silicene
layers as field effect transistor pressure sensors. Flattening is estimated
to take place at 15.0 and 2.0 GPa for tri- and bilayers, respectively. The
monolayer also flattens under a 15.0 GPa uniaxial pressure but as a
consequence of a sp” to sp” rehybridization.

C. Modulation of electronic properties

The case of transition metal dichalcogenides is illustrative of the
role of pressure in changing electronic properties while keeping the
overall crystal structure. The effect has been reported by several
groups,””*""*"'"" and an intuitive grasp of the phenomenon may be
pursued by analyzing orbital contributions for the bands close to the
gap region.”” Indeed, the lowest conduction state in TMDs, such as
MoS, and MoSe,, is predominantly built upon contributions of Mo 4d
» orbitals in the K point; From K to Q point, the band goes up in
energy, reaches a local maximum and a second minimum at the Q
point (a local one, 0.2 eV above that in the K point). At the Q point,
the most important contributions come from the in-plane Mo orbitals
4d 2> and 4d,,. This is illustrated in Fig. 4(h) for the MoS, case.

How are these features related to pressure effects in TMDs? An
in-plane compression should have a larger effect in the states built
upon the in-plane orbitals, those with predominant contributions in
the Q point, and the net result would be a decrease in the energy of
this state, which, eventually, would become lower in energy than the
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state in the K point. The prediction is, therefore, a direct to indirect
bandgap transition and, eventually, a decrease in the gap value or even
a semiconductor-metal transition. The K-Q crossover is indeed
observed in photoluminesce measurements at a critical pressure of
1.9GPa” and also in double-resonance Raman measurements.”’
Similar analyses have been reported for distinct types of tensile and
shear strains, for both few-layer and monolayer TMDs.'”* "%’

The changes in the electronic structure of TMDs due to varia-
tions in the interlayer distance is another example of the role of pres-
sure in modulating the electronic behavior. The top of the valence
band at the I" point in TMDs [see Fig. 4(h) for the MoS, case] is domi-
nated by Mo 4d 2 and S 3p, orbitals, which strongly respond to vertical
compressive forces'”'“’ moving up in energy, toward the Fermi level.

Pressure may also be an important variable in the growing field
of twistronics. The large cells required to represent small-twisted
angles—as the 1.1° magic angle, which leads to flatband phenomenol-
ogy in bilayer graphene'”'""—prevents the use of a first principles for-
malism. However, tight binding calculations''” have been employed in
this context, particularly in addressing the effects of pressure in modu-
lating the emergence and energy position of flat bands. Carr et al.,'"”
for instance, have used interlayer coupling parameters determined, as
a function of pressure, by a quadratic fit; the pressure, in its turn, is
given by a functional form of the type P = A(e % — 1), in which € is
related to the interlayer distance d (¢ =1 — d/d,), and A and B are
adjustable parameters. Within this scheme, the pressure is shown to
drive the emergence of flat bands in larger twist angles: under 9.2 GPa
(10% compression), the magic angle increases to 2.0 . The results indi-
cates that pressure is a fundamental ingredient in describing correlated
states, which may have important consequences in the field of
superconductivity.

VI. OUTLOOK

In this section, we discuss possible research directions in the field
of high-pressure studies of atomically thin van der Waals systems
within two different approaches: (i) high-pressure synthesis of novel
2D materials and (ii) pressure tuning of properties and many-body
states of 2D materials and moiré heterostructures.

A. High-pressure synthesis of novel 2D materials

As discussed in Secs. 11 C and IV B, there has been compelling
evidence for the high-pressure conversion of few-layer graphene to 2D
diamond obtained either from SPM’*"* or DAC experiments,”*’* "*
as well as evidence for the diamondization of hBN'**'*" and the for-
mation of covalent bonds between graphene and hBN from SPM
experiments.'”” Therefore, it would be highly insightful to obtain
information about the new “hBN diamond” and hybrid “graphene-
hBN” phases via spectroscopic or transport methods using DACs. For
that purpose, the use of water PTM could be beneficial to drive and
reduce the critical pressures necessary to start the phase transi-
tion.”*’*'"" Furthermore, water should also functionalize monolayer
TMDs under compression, ” leading to a metallic phase that could be
characterized by a PL quenching and/or a change in the electrical resis-
tance. Compression of twisted bilayer graphene could potentially lead
to the formation of moiré 2D diamonds with different spin-
localization configurations depending on the twist-angle.'*

Another interesting approach that has been recently demon-
strated is the high-pressure synthesis of new classes of 2D layered van
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der Waals materials from elemental compounds. Examples are the
synthesis of pentagonal 2D NiN,'*" and the Dirac material BeN, *'
from high-pressure high-temperature (via laser heating) reaction
between nickel and nitrogen, and beryllium and nitrogen, respectively.

B. Pressure tuning of properties and many-body states
of 2D materials and moiré heterostructures

There is a vast range of physical properties of 2D materials and
moiré heterostructures (electronic, vibrational, magnetic, etc.) that can
be investigated via pressure tuning. One interesting direction is to
investigate the layer-dependent magnetism as a function of pressure
and temperature in novel 2D van der Waals magnets such as Nil, '
These experiments can help unravel the interplay between stacking
order, interlayer distance, and the number of layers in determining the
magnetic ground state in these materials. Furthermore, Nil, is an
example of a multiferroic, a class of materials featuring coupled ferro-
electric and magnetic order that have garnered wide interest for their
exceptional static and dynamical magnetoelectric properties.'”
Pressure may be an invaluable tool to tune and investigate the cou-
pling between the magnetic and ferroelectric order in such atomically
thin systems. The magnetic properties of vdW heterostructures such
as CrBrs/Crl; or WSe,/Crl;'" can also be explored under pressure,
enabling direct control of the exchange bias and other forms of mag-
netic proximity effects that depend strongly on the interlayer distance.

Regarding pressure tuning of many-body states, an exciting
research avenue is the investigation of moiré excitons at high pres-
sures. Moiré excitons consist in excitons confined to the local minima
of the supperlattice potential in moiré system, working as an artificial
lattice of interacting quasiparticles. ™ These excitations have been
observed in several recent studies involving TMD heterostructures
such as MoSe,/WSe, *”'" and WSe,/WS, """ exhibiting an ultra-
sharp photoluminescence signal as a characteristic signature. High
pressure is a powerful tool to tune and investigate the interactions
between moiré excitons by reducing the average quasiparticle distance
and increasing the strength of the moiré potential, due to the in-plane
compression and reduction of interlayer distance, respectively. The
system could then be probed by photoluminescence spectroscopy and
reflection contrast using DACs. There are also exciting open chal-
lenges in performing transport measurements of strongly correlated,
superconducting, and topological moiré materials in DACs, affording
the ability to apply substantially higher pressure than has been
achieved in piston-cylinder cells so far. These experiments may help to
uncover fundamentally new ground states that are inaccessible at
ambient pressure.

In summary, the combination of high-pressure experiments and
atomically thin van der Waals materials is a powerful one for both its
scientific aspects, with a myriad of interesting phenomena, and its pos-
sible technological outcomes. There is a vast range of possibilities to be
explored, and we hope this review may help the advancement of this
research field.
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