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Abstract

®

CrossMark

Surface acoustic waves, the microcosmic cousins of seismic waves, can be generated and
precisely controlled on a microscopic scale by applying a periodic electrical signal to a
piezoelectric substrate. Harnessing and exploring their interactions with two-dimensional van
der Waals (vdW) systems opens new frontiers in materials science and engineering. As part of a
special issue on these guided elastic waves for hybrid nano- and quantum technologies, our
review highlights work focusing on acoustically-induced transport phenomena at low
temperatures that arise from the interaction between the surface acoustic waves in a
piezoelectric substrate and a vdW material on its surface. A main focus is on technological
methods to control the carrier concentration in transport and strain-related effects that can act on

the carrier motion as an effective magnetic field.

Keywords: surface acoustic waves, van-der-Waals, graphene, MoS,, acoustoelectric effects,

strain, artificial gauge fields

1. Introduction

Since the discovery of graphene, the family of van der Waals
(vdW) materials has expanded remarkably and now cov-
ers the full spectrum of ‘classical’ solid state system prop-
erties, including superconducting, metallic, semiconducting,

* Author to whom any correspondence should be addressed.
Original Content from this work may be used under the
5Y terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

and insulating materials. Generally, vdW materials are char-
acterized by strong covalent bonds between atoms within an
atomic plane and much weaker interlayer vdW forces [1, 2].
This allows us to obtain truly two-dimensional (2D) single
crystals with a thickness of only one atomic layer by break-
ing the interlayer bonds in the bulk materials and transferring
isolated layers onto a substrate for further studies. The ability
to pick up, stack and combine various 2D materials is key to
build vdW heterostructures from base materials that possess
either similar or very distinct electronic, optical, and magnetic
properties. Specific ‘magic’ twist angles between stacked lay-
ers can even exhibit exotic physical characteristics that are nor-
mally alien to the materials [3, 4].

© 2024 The Author(s). Published by IOP Publishing Ltd
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In this focused review, part of larger topical special issue on
elastic waves, we will discuss transport studies of two exem-
plary vdW systems under the influence of mechanical strain
waves called surface acoustic waves (SAW) that propagate
through these materials. There exists many facets to the inter-
action between a SAW and a vdW material. Here, we will
focus on acoustically-induced effects on the electrical trans-
port that arise from the interaction between mobile carriers
and the SAW, i.e. the acousto-electric interaction, and effects
due to the deformation of the crystal lattice. We begin with
a brief recapitulation and introduction of graphene, the first
vdW material ever to be synthesized and studied, and MoS,
and their most relevant properties. We will then introduce the
concept of acousto-electric transport, suitable gating techno-
logies to control the carrier concentrations in a vdW mater-
ial, and highlight some recent experiments. Finally, we will
address the deformation of the crystal lattice that can result
in artificial gauge fields and its impact on the transport in
graphene and MoS,.

2. Graphene, MoS,, and the versatility of vdW
materials

Research on two-dimensional electron systems (2DES)
in AlGaAs/GaAs heterostructures using SAWs is well-
established [5-15]. This III/V material platform offers both
confinement for a 2D carrier system and a piezoelectric sub-
strate for the SAW. However, all this work is limited to study-
ing the electrical properties of a 2DES in a semiconducting
(GaAs) material. Conversely, vdW materials can be exfoliated
onto any piezoelectric substrate, enabling the study of a wide
range of electrical properties by SAW. In the following, we
will highlight in greater detail two vdW systems that possess
semimetallic and semiconducting electrical properties and
discuss their relevance for SAW studies.

The most prominent member of the vdW family is the
semimetal graphene that can be synthesized by mechanic-
ally exfoliation from bulk graphite [16—18]. Monocrystalline
graphene flakes synthesized in such an exfoliation process
generally possess the highest achievable quality with mobil-
ities exceeding 100000cm? (V-s)~! [19, 20]. However, the
flake sizes and resulting stacks are limited to tens of micro-
meters. Graphene can also be synthesized on a larger scale
by chemical vapor deposition (CVD) on catalytic substrates,
such as copper or nickel [21-23]. Molecular beam epitaxial
growth of graphene on SiC by sublimating Si from the SiC sur-
face has also become established methods to synthesize larger
graphene layers [24, 25]. However, a major drawback is the
much lower carrier mobility due to disorder induced by grains
and/or contamination.

Graphene is composed of a single layer of carbon atoms
that undergo sp>-hybridization, involving one s-orbital and
two p-orbitals. The hybridization gives rise to a hexagonal
lattice structure with threefold rotation symmetry, as depic-
ted in figure 1(a). The hexagonal lattice can be understood as
the overlap of two distinct triangular sublattices A and B, with
any two neighboring atoms belonging to different sublattices.
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Figure 1. (a) Monolayer graphene. Left: crystal lattice in real space
with the two sublattices A in green and B in orange and lattice
vectors d; and @, with a lattice constant of a = 1.42 A: the
nearest-neighbor vectors are indicated by ¢;, with i = 1, 2, 3. Along
the x-direction, the edge is zigzag and along the y-direction the edge
is of armchair type. Right: graphene lattice in momentum space
with the low energy Dirac cones around K and K’. (b) Monolayer
MoS;. Left/bottom: top view of the crystal lattice in real space and
layer unit of a semiconductor 2H-MoS, with each Mo atom located
at the center of a trigonal prismatic cell and covalent bonds to six
neighboring sulfur atoms. The small atoms represent S while the
larger atom represent Mo. Right: electronic band structure of bilayer
and monolayer MoS», showing the transition from an indirect to a
direct band gap. Band structure in figure (b) Reprinted (figure) with
permission from [47], Copyright (2011) by the American Physical
Society.

The first Brillouin zone of the reciprocal lattice for graphene
is presented in figure 1(a) as well. The reciprocal lattice also
takes on a hexagonal shape, and owing to the presence of the
two non-equivalent sublattices in real space, the corners of the
hexagon correspond to two distinct points referred to as K- and
K’-points in k-space [26-29].

Graphene is semimetallic due to the conduction and valence
bands touching at the K and K’ points in the Brillouin zone
(zero-band gap), commonly referred to as Dirac points or
charge neutrality points (CNP). Just like classical 2DESs
confined to semiconductor heterostructures, for example,
graphene’s carrier concentration can be tuned via the applic-
ation of a gate voltage. The missing band gap in graphene
allows ambipolar control, i.e. the continuous transition of the
Fermi level from the conduction band to the valence band.
When the Fermi energy aligns with CNP, the energy where
conduction and valence band meet, ideal graphene would
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become electrically neutral for 7 — 0 Kelvin. Real graphene
can exhibit a small intrinsic band gap of approximately 42 peV
[30, 31] due weak spin—orbit interactions and which had been
predicted to range between 1 eV and 100 pueV [32-37]. The
energy dispersion at the low energies around the CNP is linear,
resembling the behavior of massless relativistic Dirac fermi-
ons. The presence of two sublattices in graphene introduces
an additional degree of freedom called pseudospin, analogous
to electronic spin. There exist additional important quantities
called helicity and chirality related to the pseudospin oper-
ator’s projection along the direction of motion. We will skip
a detailed discussion at this point, suffice it to say that helicity
and chirality are crucial for characterizing graphene’s elec-
tronic properties and comprehending the behavior of its charge
carriers [27, 30, 38].

Just like graphite, also bulk crystals of transition metal
dichalcogenides (TMDCs) consist of monolayers held
together by weak vdW forces. TMDCs of the type MX, are
composed of a transition metal element Mo, W, Nb or Ta
denoted by M and two chalcogen atoms S, Se or Te, denoted
by X> [39, 40]. In contrast to the zero-gap semimetal graphene,
TDMC:s can have various band gap energies and cover mater-
ial properties of semiconductors, metals and superconductors.
In this review, we will focus on semiconducting 2H-MoS,,
whose valley and spin degree of freedom makes it a poten-
tial candidate for applications in valleytronic and spintronic
devices [41-43]

Monolayer MoS,, in its stable and natural 2H-phase, is a
semiconductor, as depicted in figure 1(b), and consists of three
atomic planes with the Mo plane (the transition metal ele-
ment) sandwiched between S planes (the chalcogen) [44—-48].
Semiconducting MoS; crystallizes in a lattice with hexagonal
symmetry (P63/mmc) and two layers per unit cell, hence
the addendum ‘2H’ [39]. Due to a quantum confinement
effect on the electronic band structure, a transition from an
indirect bulk band gap with 1.2eV to a direct monolayer
band gap of around 1.9eV at K and K’ has been observed
[48]. In contrast to graphene, MoS, has strong spin—orbit
coupling originating from the d-orbitals of the heavy metal
atoms and inversion symmetry breaking in odd layers. MoS,
promises a rich interaction between spin and valley phys-
ics such as a coexistence of valley-Hall and spin-Hall effects
[46, 49-56].

vdW materials also have excellent mechanical strength
[57-62]. The Young’s modulus of graphene and MoS;
is 340N-m~! and 180N-m~', respectively. Monolayer
graphene (MoS;) can withstand elastic stretch up to 25%
(10%). These mechanical properties, the ability to pick up and
transfer single layers and the extraordinary electrical prop-
erties are the motivation to study vdW systems through the
interaction with time-dependent dynamic elastic sound waves,
called SAW.

3. SAW and acousto-electric effects

SAW are periodic deformation waves that travel with the speed
of sound along the surface of a piezoelectric medium. A com-
mon method to launch SAWs is based on the nanofabrica-
tion of interdigitated transducers (IDT), i.e. a signal converter
that consists of a pair of interlocking metallic fingers [63, 64].
When a periodic electrical signal is applied, the inverse piezo-
electric effect locally contracts and expands the piezoelectric
substrate between the fingers, resulting in a directed acous-
tic phonon mode. The functional properties of an IDT, such
as wave length or aperture, are dictated by the number, geo-
metry and parallelism of the metallic fingers; interested read-
ers may follow up on design rules in the manuscript by Mandal
and Banerjee [64]. In the following, we will not delve into
these details but highlight experiments that employed vary-
ing acoustic wave lengths. In the context of SAW, generally
the Rayleigh mode is discussed that decays within one wave
length away from the surface into the bulk. However, depend-
ing on the crystal direction, the material and its thickness, the
IDT cannot only generate a pure Rayleigh surface mode, but
also launch pseudo-surface waves that leak energy into the
bulk or pure bulk modes.

The SAW propagation in a piezoelectric substrate is charac-
terized by mechanical oscillations but also by a periodic elec-
tric field. This electric field acts on the mobile carriers in adja-
cent conductive materials, such as graphene, by affecting their
dynamics and transporting them at acoustic velocities, thereby
modulating the electronic properties. The coupling also effi-
ciently transduces the kinetic energy of the SAW into the elec-
tronic system, causing an attenuation and energy loss of the
SAW [14, 65, 66].

Hence, provided the surface adhesion is sufficiently strong
and the vdW material conforms perfectly to the substrate
deformation, two key contributions need to be considered
when discussing the effects of a SAW: (1) the direct interaction
of the piezoelectric field in the substrate with mobile carriers,
and (2) a symmetry breaking of the crystal lattice and the ensu-
ing effects on the band structure. In the following sections,
we will discuss the direct interaction between the SAW and
mobile carriers as well as gating technologies to control dop-
ing levels/carrier concentration. In section 4, we will address
how strain-related effects modulate carrier dynamics through
artificial gauge fields.

The propagation of a SAW through graphene films on
a piezoelectric La;GasSiO4 substrate has been studied by
high-resolution x-ray diffraction from a synchrotron radiation
source to resolve the wave amplitude [67]. The topographs
show that the presence of an graphene film insignificantly
affects the SAW propagation. While there does not seem to
be a sizable wave attenuation induced by the aforementioned
coupling of the SAW’s piezoelectric field with the mobile car-
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Figure 2. (a) Top panel: relative SAW intensity versus frequency, measured by comparing the receiver and emitter IDT power. Bottom
panel: dependence of the SAW-induced acoustoelectric current in the graphene layer with frequency for three absolute power levels at the
emitter IDT. Reprinted from [78], with the permission of AIP Publishing. (b) Acoustoelectric current in a graphene nanoribbon as a function
of SAW intensity at different frequencies . Reproduced from [76]. CC BY 4.0. (c) Configuration of SAW delay lines with graphene
patterned between two IDTs to study the acoustoelectric effect in graphene. Reprinted from [75], with the permission of AIP Publishing.

riers in the graphene layers, kinetic energy is still transfered
into the carrier system [5—15, 65, 68, 69]. The resulting exper-
imental observations that arise from this interaction is dubbed
‘acoustoelectric’ (AE) effect [65]. A simple classical relaxa-
tion model can be used to derive the acoustically-induced cur-
rent from the transfer of kinetic energy. In a closed electrical
circuit, this AE current j is given by [14]:

Ir

VSAW

Jj=—n0=—p QY

where ( is the carrier mobility, Q is the phonon pressure, I the
SAW intensity, and I' the attenuation coefficient given by

o ™ owlom )

7 dsaw 14+ (orZD/o'A,,)2

The attenuation I' is non-monotonic with the sheet conduct-
ivity opp of a 2DES in a semiconductor heterostructure or a
vdW layer, and will reach a maximum whenever o,p matches
with a characteristic conductivity, oy = vsaw - Eeft/ 27, Eett =
(e+¢0)/2 for qd < 1. Here, € and g are the dielectric con-
stant in the 2DES and vacuum, ¢ the wave vector of acoustic
waves and d the distance of the 2DES to the surface of the
piezoelectric substrate that confines the SAW [70].

As we will discuss below, technologies exist to control the
conductivity o,p through the carrier type and concentration
(i.e. doping). In the semimetal graphene, o,p can be widely
tuned by applying a gate voltage. The tunability of the SAW
properties and the doping level in graphene, along with the

ensuing variable interaction, has also triggered considerable
interest in theoretical research [71-74].

In the following sections, our discussion will primarily
focus on measurements of the acoustic current j. However,
we note that any current flow induces a (longitudinal) voltage
drop along the current direction, which can alternatively be
measured. When the system is additionally subjected to a
perpendicular magnetic field, the motion of carriers is influ-
enced by the Lorentz force perpendicular to the current
direction, giving rise to more complex (magneto-)transport
phenomena.

The first measurements of AE currents in graphene were
experimentally reported by Miseikis et al [75]. The authors
had wet-transferred CVD graphene on a bulk piezoelectric
LiNbOj substrate in a cutting direction of 128° Y-rotated
between two IDTs, as shown in figure 2(c). Each IDT can
either act as SAW emitter to launch a SAW or as a SAW
receiver for the reconversion into an alternating radio fre-
quency signal to analyze the phase and velocity changes and
power losses.

Figure 2((a), top) illustrates the dependence of the relat-
ive (SAW) amplitude as a function of the input frequency to
the emitter IDT. The relative amplitude in units of decibels
is a logarithmic scale to describe a ratio of the power level
applied to the emitter IDT relative to the measured level at the
receiver IDT. Figure 2((a), bottom) shows the directly meas-
ured acoustic current j in the graphene layer for three abso-
lute power levels at the emitter IDTS, in (logarithmic) dBm.
Figure 2(a) illustrates that frequencies covering the range of
12 MHz up to 480 MHz could be detected electrically in the
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graphene and also by a receiver IDT. Figure 2(b) show the lin-
ear dependence of j on the SAW intensity in a graphene nan-
oribbon (see equation (1)), here expressed in the linear scale
units W/m, and estimated from the insertion loss of the applied
power to the emitter IDT [76]. A similar emitter and receiver
approach has been employed by Preciado et al [77] in a hybrid
MoS,; on LiNbOj3 device.

Considerable research efforts have been dedicated to study-
ing the response of the AE current and the changes in the
wave propagation in response to various stimuli, e.g. the SAW
power, frequency, temperature or in combination with photo
excitations in the vdW layer [72, 76-102].

When the charge carriers in a 2DES, such as in a vdW
system or a classical semiconductor heterostructure, travel
with a higher velocity than the acoustic wave, they can also
transfer their kinetic energy to the wave instead of vice
versa, contributing to an amplification of the SAW [103—
107]. This has been observed in a graphene film on a sur-
face of a Y-cut of lanthanum-gallium silicate GazTaGa3Si,O14
crystal, where carriers had been accelerated by applying a
bias voltage to the graphene along the direction of the wave
propagation [105]. This method also allows to attenuate the
SAW by applying an inverse bias. Similar effects has been
found in semiconductor materials on piezoelectric substrate
[106, 107].

3.1 Dependence of AE transport on the charge density

Any conductive material in the path of a SAW, such as metal-
lic films or a vdW layer, can affect the SAW propagation. The
high conductivity of metals, which results in a strong SAW
attenuation, is exploited in delay lines, for example [108]. The
carrier concentration (and thus the conductivity) of many vdW
materials can be controlled by gating and plays a critical role
in the modulation of the SAW propagation and its interac-
tion with mobile carriers. Hence, the variation of the charge
carrier density is of significant importance for the explora-
tion of AE transport phenomena. The field effect, typically
employed to modulate carrier concentrations by a metallic gate
electrode, must be separated from the SAW propagation, oth-
erwise the SAW would experience a significant attenuation.
This presents a technological challenge, as increasing the dis-
tance between a gate and a vdW material necessitates higher
voltages for effective doping control. In GaAs-based devices,
gating is accomplished either through a metallic top gate or a
highly-doped GaAs layer grown beneath the 2DES. For vdW
materials, on the other hand, new or adjusted gating solutions
had to be developed. In the following, we will introduce these
promising gating concepts.

There exist two primary techniques to induce changes in
conductivity in a vdW material on top of a piezoelectric sub-
strate: chemical doping and the application of a tunable gate
voltage [80, 82-85, 88-90, 92, 93, 96, 109]. The investiga-
tion of chemical doping has revealed that the AE effect exhib-
its remarkable sensitivity in gas sensing and mass loading

applications [84, 92, 96, 109]. Conversely, gating vdW mater-
ials is a more promising avenue for applications in transistors
and quantum transport.

Achieving an effective and suitable gate configuration
entails certain considerations. Firstly, it is advantageous to
employ SAW with a high resonance frequency, as this allows
for the use of a thin piezoelectric film as a dielectric layer
between a vdW layer and the gate electrode. Conversely,
obtaining a high-quality piezoelectric thin film has posed a sig-
nificant technical challenge that researchers have been striving
to overcome. In the following discussion, we will review vari-
ous attempts made in this regard over the past few years.

Direct Back Gate: applying a gate voltage to an electrode on
the back side of the substrate has been one of the most com-
mon methods for graphene on silicon dioxide substrate where
a dielectric Si0, with thickness d = 300 nm is on top of a low
resistivity Si substrate that acts as a back gate electrode.

When attempting to observe AE currents in a vdW material
on a piezoelectric substrate by electrostatic gating, it is cru-
cial to exercise caution. Having a highly conductive metal-
lic gate layer in close proximity to the piezoelectric substrate
can lead to the attenuation of the SAW due to the aforemen-
tioned interaction with mobile carriers. For an efficient trans-
fer of the SAW’s kinetic energy into the vdW carrier system
for electrical measurements, it is essential to position the gate
layer at least one wavelength away from the substrate’s sur-
face. However, a large distance between gate and vdW layer,
which converts to a small capacitance, renders gating difficult.
Preciado et al have reported the use of an electrode on the back
of a 500 ym LiNbOs to tune the operation of a MoS, field
effect transistor [77]. The ‘bulkiness’ and large dielectric con-
stant of the LiNbOj; piezoelectric of this sample make gating
very ineffective. To achieve the same equalized electric field,
E = kVg/d, from a back gate voltage of 10V to graphene on
a 300 nm Si0O,, several hundred volts for the aforementioned
LiNbO; sample with 500 ym would be necessary.

Ionic Liquid Gate: in recent years, researchers have explored
the application of ionic liquid gating to manipulate the
electronic properties of vdW systems [110]. This technique
involves depositing an ion gel onto a vdW material. The gel
remains in a liquid state at room temperature and serves as
a dielectric material with a high capacitance. When a gate
voltage is applied, ions accumulate in successive layers near
the material’s surface, creating a nanocapacitor with a thick-
ness of below 1 nm. The high capacitance results in significant
electric fields and effective gating, as illustrated in figure 3(a).

The charge accumulation or depletion of charge carriers in
vdW systems depends on the polarity and magnitude of the
applied voltage. Due to the immobilization of ions in the gel,
SAW generated piezoelectric fields will not be affected and are
capable of transporting charge carriers in the vdW materials
[83, 89]. By applying a gate voltage to the ionic liquid, AE
currents and voltages can be measured, with the polarization
of the AE current changing when the CNP is crossed, as shown
in figures 3(b) and (c).
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Figure 3. Ionic liquid gating: (a) principle of ionic liquid gating, left: distribution of ions immediately after application of a gate voltage,
right: equilibrium of ions distribution. The distance between ions and surface of the 2D material is about 1 nm. Reproduced from [110].
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propagating path. (c) DC resistance (top panel), SAW attenuation (second panel from top), phase shift of SAW (third panel) and AE current
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While ionic liquid gating is a promising technique, there
are challenges associated with it. It is difficult to be used at
cryogenic temperatures for quantum applications because the
gate voltage can only be varied in the liquid state of the ion
gel. Additionally, special precautions must be taken to prevent
the ion gel from coming into contact with the IDTs to avoid
the generation of radio frequency induced charge carriers in
graphene through the ionic liquid, which makes miniaturizing
the device challenging.

Electrolyte-Gate: the application of a gate voltage to
graphene submerged in an electrolyte solution has been
explored, as depicted in figure 4. Ions within the solution
migrate toward the material’s surface, resulting in the gener-
ation of a substantial electric field. In this approach, the pH
of the solution is determined by monitoring the alteration in
acoustic-electric (AE) current in response to the electrolyte
gate voltage [85, 92]. Similar to an ionic liquid gate, invest-
igations at cryogenic temperatures are not feasible.

AIN: Liang and colleagues presented a novel device featur-
ing a hybrid structure combining AIN SAW technology with
a graphene field-effect transistor [88]. In this configuration, a
piezoelectric AIN film is deposited onto a high-resistivity sil-
icon substrate, and a molybdenum slab is patterned as a back

gate on the same substrate. The AIN film serves a dual role
as both the piezoelectric layer and the dielectric layer for the
graphene field-effect transistor. Although the device demon-
strated gate-tunable acoustic-electric current, it did not exhibit
ambipolar behavior.

Flip Chip Gate: in a flip-chip configuration introduce by Lane
et al, a graphene flake is exfoliated onto a Si0,/Si substrate for
electrostatic gating. A separate piezoelectric LiNbO3 bulk sub-
strate is then flipped upside-down and mechanically clamped
onto a Si0,/Si substrate and separated by an air spacer of one
SAW wavelength [90]. The small distance between piezoelec-
tric substrate and graphene layer facilitates proximity coup-
ling, i.e. it enables the AE effect, as originally described by
Wixforth in 1989 [6]. It is important to note that the flip-chip
scheme presents technological challenges due to the complex-
ity and the difficulty in constructing such miniature devices.

Hybrid LNOI: recently, a novel hybrid device has been util-
ized to apply a back gate voltage to a graphene layer [98].
As illustrated in figure 5(a), this setup involves a CVD-grown
graphene sheet placed on a 900 nm thick layer of LiNbOs,
which in turn is situated on a 2 um thick SiO, insulating
layer on top of a 500 um thick p-doped silicon substrate. In
this hybrid structure, the thickness of the dielectric layer has
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detection. Reprinted with permission from [92]. Copyright (2018) American Chemical Society.

been reduced to approximately 2 pm, significantly lowering
the required gate voltage compared to the conditions described
in [77]. To prevent the SAW from being attenuated by the
doped substrate, the SAW wavelength has been designed to be
less than 2 pm, with the corresponding fundamental resonance
occurring at around 2 GHz.

Figures 5(b) and (c) demonstrate its versatility under cryo-
genic conditions and its accessible voltage range. By sweep-
ing the back gate voltage, Vg, across the CNP around Vpg =~
14V, the AE current undergoes a sign change (figure 5(b)),
indicating a transition of charge carriers transported by the
SAW from holes (red) to electrons (blue).

The Hall coefficient is determined by measuring the
Hall voltage when a magnetic field is applied and reflects
the density of charge carriers. The gate dependence of the
AE current replicates the characteristics of Hall coefficients
around the CNP, as illustrated in figure 5(c), both of which
provide insights into the charge density behavior of the
graphene layer. The theoretical evaluation of the longitud-
inal acoustic current in figure 5(d) [111] qualitatively repro-
duces the experimental data. We note that in proximity to
the CNP, electron-hole puddles are known to exist in dis-
ordered CVD graphene. Their formation contributes to com-
peting AE signals originating from an approximately equal
distribution of electrons and holes, which can broaden the
CNP.

3.2. Graphene AE transport in an external magnetic field

For many decades, the influence of a magnetic field on AE
effects had been studied in high-mobility 2DES GaAs hetero-
structures. In the presence of a magnetic field, the electronic
energy levels and the density of states of a 2DES split into dis-
crete Landau levels. This splitting is experimentally manifes-
ted by performing magneto-transport experiments that probe
the oscillations in the longitudinal voltage and the (quantized)
Hall effect in the transverse voltage [112] at cryogenic temper-
atures. Landau oscillations were directly observed by meas-
uring the longitudinal AE current and voltage across a GaAs
2DES [3, 6, 12]. The interaction of SAWs within the quantum
Hall regime in a high magnet fields revealed phase-shifts and
an attenuation of the SAWs [5, 6]. Thus, the study of AE effects
in the presence of a magnetic field is of paramount importance
for the understanding of quantum effects and electron correl-
ation phenomena.

Zhao et al reported the observation of Landau quantiza-
tion through the oscillations of an acoustically-induced lon-
gitudinal voltage in CVD-graphene that had been transferred
onto a piezoelectric GaAs substrate [95]. The authors found
a SAW-induced phase shift within the quantum oscillations
as shown in the upper panel of figure 6(a). The conductivity
0, (green), which was measured in regular magneto-transport
experiments, exhibits oscillations in B that indicate the Landau
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Figure 5. (a) Schematic of a piezoelectric hybrid LNOI. Upper panel:

panel: the wiring diagram for acoustic transport in graphene on top of

a back gate voltage is applied to the p-doped Si substrate. Lower
the substrate. (b) Inset: acoustic current as a function of the frequency

applied to the IDT, with a resonance/center frequency of approximately 1.88 GHz. Main panel: acoustic current as a function of power to the
IDT with a fixed frequency of 1.88 GHz for various back gate voltages. The sign indicates the transition from electron to hole conductance.
(c) acoustic current and Hall coefficients measured as a function of back gate voltage. All measurements were performed at 4.2 Kelvin.
(a)—(c) Reprinted (figure) with permission from [98], Copyright (2022) by the American Physical Society. (d) Theoretical calculation of the
longitudinal acoustic current based on the acoustogalvanic model from [111]. Reproduced from [111]. CC BY 4.0.

quantization of the density of states. Within each conductance
minimum, a phase shift Av /v of the SAW is observed that was
determined by AE transport in the presence of B. This observa-
tion qualitatively agrees with SAW studies on GaAs 2DES [5,
6]. The center panel of figure 6(a) compares the Av/v to the
acoustically-induced longitudinal voltage and the lower panel
compares the conductivity o, with the acoustically-induced
longitudinal voltage for the fundamental and the first two har-
monics of the SAW in a smaller magnetic field range.

The additional fine structure in figure 6(a) can be attrib-
uted to commensurability [113] between the SAW wavelength
and various defect sizes. Defects, including grain boundaries,
wiggles and ripples, range in size from 1 um to 10 um and
match the order of the acoustic wavelength. This can locally
influence the conductivity and the SAW attenuation, where
carriers may acquire geometrical phases that lead to quantum
interference.

Fang et al have advanced the study of Landau quantiz-
ation under the influence of SAW with exfoliated graphene
transferred on bulk LiNbOj, which has higher piezoelec-
tric coefficients. In their work, exfoliated graphene was

encapsulated by hBN, and a graphite top gate was util-
ized to modulate the charge carrier concentration in the
graphene sheet underneath. In this configuration, the phase
shift of the SAWs qualitatively resembled the quantum oscil-
lations observed in ordinary magneto-transport experiments.
Figure 6(b) shows a Landau fan diagram of the SAW phase-
shift, demonstrating a large spectrum of quantum oscilla-
tions. However, direct AE transport measurements, such as
the observation of an AE current and voltage, were rendered
impractical due to the screening effect of the graphite top
gate on any in-situ electric fields induced by SAW in the
graphene.

4. Artificial vector potentials in vdW systems

Graphene is not a perfectly flat 2D system. It is known to
exhibit a natural rippling and corrugation [114-116] and cer-
tain steps in the sample fabrication can add folds and bends to
a graphene flake. This local lattice deformation and the depar-
ture from flatness acts on the motion of the 2D Dirac electrons
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similar to an (inhomogeneous) effective magnetic field atoms differs from that of a relaxed lattice, which dir-
[117-137]. ectly affects this electron-hopping amplitude. This gives

The energy of Dirac electrons in graphene is described rise to an effective vector gauge potential, A, and a cor-
in terms of a hopping probability between neighboring car- rection to the low energy Dirac Hamiltonian [27, 123,
bon atoms. In strained graphene, the distance between the 124, 129, 132]. When graphene is rendered with a 2D
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strain field u; [132], the low energy Hamiltonian can be
expressed as:

H=vpo-(p—eA), 3)
ﬂ U — U
()

with ¢ = (0, 0y) as the Pauli matrices. To preserve the time-
reversal symmetry, the vector A has opposite signs at K and
K*,ie. Ax = —Ag~, due to the presence of two sublattices in
graphene. = —0Int/J1Ina is the Griineisen parameter rep-
resenting phonon mode softening and hardening under tensile
and compressive strain [138—140], ¢ as the hopping parameter
between the nearest neighbor atoms and « as the lattice con-
stant of graphene crystal. Non-uniform strain is essential to
generate an effective pseudo magnetic field, which is propor-
tional to the derivative of A.

Apart from the natural deformation of graphene, due to
its outstanding mechanical stability [57-60], large external
stretch can be exploited to tune the hopping amplitude and
generate artificial gauge fields A [131, 136, 141, 142]. First
evidence of pseudo magnetic fields exceeding 300 Tesla have
been found in scanning tunneling microscopy (STM) stud-
ies of graphene nanobubbles [119]. Around the bubble’s
apex, where the local deformation is strongest, the STM data
revealed the presence of strong pseudo Landau level quantiza-
tion. Enormous uniform pseudo magnetic fields have also been
reported on a strongly deformed graphene flake in specially
designed actuators that can induce a certain strain gradient
[143-146]. Strain induced pseudo magnetic fields have also

been present in artificial Dirac materials to form a graphene-
like crystal structure [147].

Figure 7 visualizes the effects of uniaxial strain on graphene
and the resulting pseudo magnetic fields. For an uniaxial
stretch of 15% as shown in figure 7(a), the authors estimated a
resulting pseudomagnetic field By of up to 300 Tesla [143].
The calculated (local) density of states DOS in figure 7(b)
illustrates that sufficient strain and the resulting pseudo mag-
netic fields can give rise to an energy quantization reminiscent
of the Landau quantization in a large real magnetic field.

5. SAW-induced gauge field effects in graphene

As previously discussed, a sufficiently large and well-defined
static lattice deformation can lead to large effective pseudo
magnetic fields and a quantization of the density of states.
The time-dependent periodic deformation of a graphene sheet,
induced by the propagation of a SAW has recently been iden-
tified to generate pseudo gauge fields in a more accessible
way. In such a time-dependent periodic deformation, both
pseudo magnetic and pseudo electric fields act on the carrier
motion and give rise to novel acoustically-induced transport
phenomena.

Two independent studies disclosed the existence of a SAW-
induced pseudo gauge potential that contributes to a syn-
thetic Hall response in the absence of an external mag-
netic field. Theoretically predicted by Bhalla et al and des-
ignated as acoustogalvanic (AG) effect as an acoustic analog
of the photo galvanic effect [111], the phenomenon is con-
nected to a Rayleigh mode. The simultaneous experimental
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demonstration and explanation by Zhao et al is based on an
acoustic shear mode and will be outlined in the following [98].

The time-dependent deformation by a SAW will distort the
graphene lattice and introduce a time-dependent pseudo gauge
field [148] that will act on the motion of the Dirac fermi-
ons, resembling the effects induced by an ordinary electro-
magnetic field. Here, a Bleustein—Gulyaev (BG) mode, i.e. a
shear mode of the SAW, will be considered, where the mech-
anical displacement of the carbon atoms is perpendicular to the
SAW’s propagation direction. We take equation (3) as the start-
ing point and add the term +e¢, which represents the piezo-
electric potential from the substrate that is experienced by the
nearby electrons in the graphene sheet. The vector potential
A = (A,,A,) will then be solved as follows:

A= P2 — £1,) 08 (360) — 22, 5in (30)],
evg

Ay = % [—2e1yc08(30) + (exx — €yy)sin(36)],  (5)
evr

where A is the hopping integral, €; represents the compon-
ents of the strain tensor and 6 is the angle between the SAW
propagation and graphene lattice coordinate. The threefold
symmetry of the hexagonal graphene lattice contributes to
30. The corresponding pseudoelectric field, EP = —0,A, and
pseudomagnetic field, B> =V x A, experienced by electrons
are then given by

EP (x,1) = —0,A; (x,1) = w (f\i) (kug) cos (kx — wt) sin (36)

EY (x,t) = —0A, (x,1) =w (f‘i) (kug) cos (kx — wt) cos (36)
B? =0,
B) =0,
BY =k (M> (kuo) cos (kx — wt) cos (36) . (6)
ev

The parameter w = 2nf is the angular frequency and ug
the wave amplitude. When static uniform strain is applied,
the resulting local pseudo magnetic fields at the K- and K*-
valley are of opposite sign and would cancel out. However, in
the case of a time-dependent oscillating deformation that also
induces a pseudo electric field, some of the vector compon-
ents of EP and BP survive. Their second order products provide
non-vanishing contributions and can give rise to a transverse
(synthetic Hall) potential.

A Lorenz-like transverse force, given by F) <E§B§ )s
((...) means time averaging), will deflect the electrons and
results in a build-up of charges. In a steady state condition,
the force will be balanced by a transverse electric (Hall) field,

eEp = e(vy (x,1) BY (x,1)), (7)
where v,(x,1) is the electron velocity under the influence of
a pseudoelectric field E¥(x,7). A SAW-induced synthetic Hall
voltage will be formed that is given by

)

)

M)zwuo)z

d
Uy = Epd = p(E? (x,0) B (x,1))d = £ <
- 4 evr

-wk - sin (66) . 8)

The value d represents the width of the graphene flake/Hall
bar.

The classical Hall voltage of a 2DES in a real mag-
netic field solely depends on the carrier concentration. The
formal expression for the SAW-induced transverse voltage in
equation (7) is indeed reminiscent of the classical Hall effect.
However, the resulting equation (8) depends on the carrier
mobility and sample width. Hence, the SAW-induced trans-
verse voltage must not be confused with a classical Hall effect
originating from a pseudo magnetic and pseudo electric field
that simply replace ‘ordinary’ fields. Rather, Uy is the result of
a transverse drag effect that is induced by the time-dependent
pseudo gauge field.

The term sin(66) enforces a strong anisotropy for the obser-
vation of Uy. For unfavorable angles between the SAW and
graphene’s crystallographic direction, Uy will be completely
suppressed. Using a diagrammatic approach, Bhalla et al has
given a comprehensive explanation of the acoustic response
to the sound-induced pseudogauge field in the absence of an
external magnetic field [111]. Even though their discussion is
based on Rayleigh modes, from the analysis of the interplay
between transverse and longitudinal gauge field components,
the author obtained a similar sin(66)-dependence for their
transverse AG effect. The calculated angular #-dependence of
longitudinal and transverse acoustic currents in their model is
depicted in figure 8(b). While the longitudinal acoustic cur-
rent is isotropic, the transverse acoustic current is highly aniso-
tropic with respect to 6.

Figure 8(c) shows measurements of a SAW-induced trans-
verse voltage in monolayer graphene. To discriminate the
aforementioned theory from actual experimental data, we will
now refer to measured transverse voltages as V,,. The data
were collected on a graphene Hall bar of 30 yum width and
400 pm length. The graphene sheet was synthesized by CVD
and directly wet-transfered to a substrate with a prepattered set
of IDTs. The substrate is the specially tailored hybrid piezo-
electric LNOI (LiNbOj film on p-doped Si/SiO;) as discussed
in section 3.1. It allows gating without damping the SAW by
a nearby metallic gate electrode.

The measured acoustically-induced voltage V., is of the
order of ~100 1V and thus consistent with the theoretically
expected values when substituting the sample parameters into
equation (8). V,, shows a dependence on the charge carrier
concentration and type as well as the power of the radio fre-
quency signal that is applied to the IDT. This power P para-
meterizes the SAW amplitude given by 1, and consequently,
the amount of strain that is exterted on the graphene sheet.
Figure 8(d) illustrates that a sufficiently large and fine-tuned
SAW power can generate a ‘synthetic Hall’ voltage that com-
pletely compensates the real Hall voltage which appears in a
large perpendicular magnetic field. The left panel of figure 8(d)
compares V,,(B) without SAW (blue curve) and with a fine-
tuned SAW power (black curve). The right panel shows V., (P)
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from [111]. CC BY 4.0.

for six exemplary fixed magnetic fields. It illustrates that tun-
ing the strength of the SAW allows to control the resulting V,
at a given magnetic field.

6. Recent frontiers: AE transport phenomena in
TMDC

The generation and control of pseudo electromagnetic fields
through the application of SAWs is also a viable approach to
study other material platforms such as monolayer TMDCs or
3D Weyl semimetals [149], which possess symmetry prop-
erties similar to graphene. Rostami et al theoretically stud-
ied the effect of mechanical strain on the electronic structure
of TMDC s, particularly emphasizing the low-energy aspects
[150]. Unlike the typical Dirac-like Hamiltonian that is used
to describe graphene, the contribution of the d-orbitals from
the metal atom (M) and the p-orbitals from the chalcogen
atom (X) (see section 2) lead to second-order effects from both
momentum and strain. These terms not only introduce a single
pseudo gauge field but multiple pseudo vector potentials, a
characteristic that is absent in graphene. It is important to note
that even when a real magnetic field is applied, these pseudo
vector fields persist and cannot be nullified.

Kalameitsev et al predicted a novel valley AE effect in
MoS,, a drag electric or spin current that arises due to a
propagating SAW. Here, we will not delve into the complex
details of this unconventional AE effect since higher order
interactions are at play and so we restrict the introduction
to a qualitative description. In a nutshell: the appearance of
this valley AE effect is linked to trigonal valley warping,
i.e. the warping of the electron dispersion in the valleys, and
the Berry phase, which Bloch electrons can acquire when trav-
eling in a crystal. When a TMDC monolayer is exposed to a
static in-plane electric field and when a current flows in the
direction transverse to this electric field, the Berry curvature
can lead to a valley Hall effect [55, 151]. For an ac electric
field, the (first-order) stationary valley Hall current is absent
since the time-averaged force acting on electrons vanishes.
However, when the force is due to the time-dependent piezo-
electric field of a SAW, the currents can couple to the piezo-
electric field of an acoustic wave via the third-order conduct-
ivity tensor. Figures 9(b) through (d) illustrate the complex
angle-dependencies of the drag current from the three distinct
components, i.e. warping, AE valley Hall and also diffusive
contributions.

Recently, Sonowal et al proposed that the strain-induced
effective magnetic field generated by GHz SAW could induce


https://creativecommons.org/licenses/by/4.0/

J. Phys. D: Appl. Phys. 57 (2024) 303001

Topical Review

§ k
s LA
p, 21ila) M
K’ K

‘ J
\

e \ .!" —
/><L:u.':' Toa 'o.'ej/',-h:n' )
/

e VA~

Figure 9. (a) Schematic setup of MoS; under the influence of SAW and the orientation between SAW wave vector and Brillouin zone of
MoS; (b) Angle dependence of diffusive, warping and acoustoelectric valley Hall current. Reprinted (figure) with permission from [152],

Copyright (2019) by the American Physical Society.

spin flip transitions within spin-split subbands near the sub-
band crossing point in the conduction bands in monolayer
MoS,; [49]. This concept of a valley spin-acoustic resonance
is yet to be demonstrated experimentally, however it illustrates
the rich physics associated with transport studies based on
SAW and their interactions with certain vdW materials.

7. Concluding remarks

The mechanical properties of vdW materials which are char-
acterized by weak interlayer forces but strong in-plane bonds
enable the fabrication of novel hybrid devices that can be stud-
ied under mechanical deformation. Here, we have given an
overview of recent experimental and theoretical transport stud-
ies of graphene and TMDCs via SAW, i.e. an elastic deform-
ation wave that can be excited at the surface of a piezoelec-
tric substrate. The interaction between a SAW in a piezoelec-
tric substrate with a vdW system on its surface can reveal
rich physics. The transfer of kinetic energy into the vdW
carrier system can result in detectable acoustic currents and
voltages, whereas the breaking of the crystal symmetry and
a resulting pseudo gauge field can lead to novel AE phe-
nomena. In cryogenic transport, the ability to control the car-
rier concentration is an essential key parameter to study the
quantum realm. However, electrostatic gating in combination
with the propagation of a SAW requires special care. We have
discussed technological gating concepts and outlined prom-
ising solutions that are compatible with cryogenic experi-
ments. vdW systems are a fascinating and flourishing play-
ground for SAW transport experiments and recent theoretical
proposals for TMDCs give a very exciting outlook on future
developments.

Data availability statement

The data cannot be made publicly available upon publication
because they are owned by a third party and the terms of use
prevent public distribution. The data that support the findings
of this study are available upon reasonable request from the
authors.

Acknowledgments

We like to thank the Center for Ultrafast Imaging (CUI) and
Advanced Imaging of Matter (AIM) for their support via the
Deutsche Forschungsgemeinschaft (DFG) Grants EXC1074
and EXC2056. We also thank the Bundesministerium
fiir Bildung und Forschung (BMBF) for support via the
Forschungslabor Mikroelektronik (ForLab).

ORCID iDs

P Zhao © https://orcid.org/0000-0001-6226-4675

C H Sharma ( https://orcid.org/0000-0001-8442-5417
L Tiemann @ https://orcid.org/0000-0002-8588-8533
R H Blick @ https://orcid.org/0000-0002-3602-7702

References

[1] Novoselov K S, Mishchenko A, Carvalho A and Castro
Neto A H 2016 2D materials and van der Waals
heterostructures Science 353 aac9439

[2] Liu Y, Weiss N O, Duan X, Cheng H-C, Huang Y and
Duan X 2016 Van der Waals heterostructures and devices
Nat. Rev. Mater. 1 16042


https://orcid.org/0000-0001-6226-4675
https://orcid.org/0000-0001-6226-4675
https://orcid.org/0000-0001-8442-5417
https://orcid.org/0000-0001-8442-5417
https://orcid.org/0000-0002-8588-8533
https://orcid.org/0000-0002-8588-8533
https://orcid.org/0000-0002-3602-7702
https://orcid.org/0000-0002-3602-7702
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1038/natrevmats.2016.42

J. Phys. D: Appl. Phys. 57 (2024) 303001

Topical Review

[3] Hunt B et al 2013 Massive Dirac fermions and Hofstadter
butterfly in a van der Waals heterostructure Science
340 6139
[4] CaoY, Fatemi V, Fang S, Watanabe K, Taniguchi T,
Kaxiras E and Jarillo-Herrero P 2018 Unconventional
superconductivity in magic-angle graphene superlattices
Nature 556 43
[5] Wixforth A, Kotthaus J P and Weimann G 1986 Quantum
oscillations in the surface-acoustic-wave attenuation
caused by a two dimensional electron system Phys. Rev.
Lett. 56 2104
[6] Wixforth A, Scriba J, Wassermeier M, Kotthaus J P,
Weimann G and Schlapp W 1989 Surface acoustic waves
on GaAs/Al,Ga(_x)As heterostructures Phys. Rev. B
40 7874
[7] Willett R L, Paalanen M A, Ruel R R, West K W, Pfeiffer L N
and Bishop D J 1990 Anomalous sound propagation at v
= 1/2 in a 2D electron gas: observation of a spontaneously
broken translational symmetry? Phys. Rev. Lett. 65 112
[8] Esslinger A, Wixforth A, Winkler R W, Kotthaus J P,
Nickel H, Schlapp W and Losch R 1992 Acoustoelectric
study of localized states in the quantized Hall effect Solid
State Commun. 84 10
[9] Willett R L, Ruel R R, Paalanen M A, West K W and
Pfeiffer L N 1993 Enhanced finite-wave-vector
conductivity at multiple even-denominator filling factors
in two-dimensional electron systems Phys. Rev. B 47 7344
[10] Falko V I, Meshkov S V and Iordanskii S V 1993
Acoustoelectric drag effect in the two-dimensional
electron gas at strong magnetic field Phys. Rev. B 47 9910
[11] Esslinger A, Winkler R W, Rocke C, Wixforth A,
Kotthaus J P, Nickel H, Schlapp W and Losch R 1994
Ultrasonic approach to the integer and fractional quantum
Hall effect Surf. Sci. 305 83
[12] Shilton J M, Mace D R, Talyanskii V I, Simmons M Y,
Pepper M, Churchill A C and Ritchie D A 1995
Experimental study of the acoustoelectric effects in
GaAs-AlGaAs heterostructures J. Phys.: Condens. Matter
77675
[13] Shilton J M, Mace D R, Talyanskii V I, Pepper M,
Simmons M Y, Churchill A C and Ritchie D A 1995
Effect of spatial dispersion on acoustoelectric current in a
high-mobility two-dimensional electron gas Phys. Rev. B
51 14770(R)
[14] Rotter M, Wixforth A, Ruile W, Bernklau D and Riechert H
1998 Giant acoustoelectric effect in GaAs/LiNbO3 hybrids
Appl. Phys. Lett. 73 2128
[15] Friess B, Umansky V, von Klitzing K and Smet J H 2018
Current flow in the bubble and stripe phases Phys. Rev.
Lett. 120 137603
[16] Novoselov K S, Geim A K, Morozov S V, Jiang D, Zhang Y,
Dubonos S V, Grigorieva I V and Firsov A A 2004 Electric
field effect in atomically thin carbon films Science 306 666
[17] Novoselov K S, Geim A K, Morozov S V, Jiang D,
Katsnelson M I, Grigorieva I V, Dubonos S V and
Firsov A A 2005 Two-dimensional gas of massless Dirac
fermions in graphene Nature 438 197
[18] Zhang Y, Tan Y-W, Stormer H L and Kim P 2005
Experimental observation of the quantum Hall effect and
Berry’s phase in graphene Nature 438 201
[19] Wang L et al 2013 One-dimensional electrical contact to a
two-dimensional material Science 342 614
[20] Bolotin K I, Sikes K J, Hone J, Stormer H L and Kim P 2008
Temperature-dependent transport in suspended graphene
Phys. Rev. Lett. 101 096802
[21] Yan Z, Lin J, Peng Z, Sun Z, Zhu Y, Li L, Xiang C,
Samuel E L, Kittrell C and Tour ] M 2012 Toward the
synthesis of wafer-scale single-crystal graphene on copper
foils ACS Nano 6 9110

[22] Zhang Y, Zhang L and Zhou C 2013 Review of chemical
vapor deposition of graphene and related applications Acc.
Chem. Res. 46 2329

[23] Saeed M, Alshammari Y, Majeed S A and Al-Nasrallah E
2020 Chemical vapour deposition of graphene—synthesis,
characterisation and applications: a review Molecules
253856

[24] Yazdi G R, Iakimov T and Yakimova R 2016 Epitaxial
graphene on SiC: a review of growth and characterization
Crystals 6 53

[25] Strupinski W et al 2011 Graphene epitaxy by chemical vapor
deposition on SiC Nano Lett. 11 1786

[26] Wallace P R 1947 The band theory of graphite Phys. Rev.
71 622

[27] Castro Neto A H, Guinea F, Peres N M R, Novoselov K S
and Geim A K 2009 The electronic properties of graphene
Rev. Mod. Phys. 81 109

[28] Das Sarma S, Adam S, Hwang E H and Rossi E 2011
Electronic transport in two-dimensional graphene Rev.
Mod. Phys. 83 407

[29] Goerbig M O 2011 Electronic properties of graphene in a
strong magnetic field Rev. Mod. Phys. 83 1193

[30] Sichau J, Prada M, Anlauf T, Lyon T J, Bosnjak B,
Tiemann L and Blick R H 2019 Resonance microwave
measurements of an intrinsic spin-orbit coupling gap in
graphene: a possible indication of a topological state Phys.
Rev. Lett. 122 046403

[31] Mani R, Hankinson J, Berger C and de Heer W A 2012
Observation of resistively detected hole spin resonance
and zero-field pseudo-spin splitting in epitaxial graphene
Nat. Commun. 3 996

[32] Kane C L and Mele E J 2005 Z, topological order and the
quantum spin Hall effect Phys. Rev. Lett. 95 146802

[33] Min H, Hill J E, Sinitsyn N A, Sahu B R, Kleinman L and
MacDonald A H 2006 Intrinsic and Rashba spin-orbit
interactions in graphene sheets Phys. Rev. B
74 165310

[34] Yao Y, Ye F, Qi X-L, Zhang S-C and Fang Z 2007 Spin-orbit
gap of graphene: first-principles calculations Phys. Rev. B
75 041401

[35] Boettger J C and Trickey S B 2007 First-principles
calculation of the spinorbit splitting in graphene Phys. Rev.
B 75 121402(R)

[36] Konschuh S, Gmitra M and Fabian J 2010 Tight-binding
theory of the spin-orbit coupling in graphene Phys. Rev. B
82 245412

[37] Gmitra M, Konschuh S, Ertler C, Ambrosch-Draxl C and
Fabian J 2009 Band-structure topologies of graphene:
spin-orbit coupling effects from first principles Phys. Rev.
B 80 235431

[38] Geim A K and Novoselov K S 2007 The rise of graphene
Nat. Mater. 6 183

[39] Wang Q H, Kalantar-Zadeh K, Kis A, Coleman J N and
Strano M S 2012 Electronics and optoelectronics of
two-dimensional transition metal dichalcogenides Nat.
Nanotechnol. 7 599

[40] Radisavljevic B and Kis A 2013 Mobility engineering and a
metal-insulator transition in monolayer MoS, Nat. Mater.
12 815

[41] Zeng H, Dai J, Yao W, Xiao D and Cui X 2012 Valley
polarization in MoS; monolayers by optical pumping Nat.
Nanotechnol. 7 490

[42] Yan W, Txoperena O, Llopis R, Dery H, Hueso L E and
Casanova F 2016 A two-dimensional spin field-effect
switch Nat. Commun. 7 13372

[43] Ahn E C 2020 2D materials for spintronic devices npj 2D
Mater. Appl. 4 17

[44] Li T and Galli G 2010 Electronic properties of MoS;
nanoparticles J. Phys. Chem. C 111 16192


https://doi.org/10.1126/science.1237240
https://doi.org/10.1126/science.1237240
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1103/PhysRevLett.56.2104
https://doi.org/10.1103/PhysRevLett.56.2104
https://doi.org/10.1103/PhysRevB.40.7874
https://doi.org/10.1103/PhysRevB.40.7874
https://doi.org/10.1103/PhysRevLett.65.112
https://doi.org/10.1103/PhysRevLett.65.112
https://doi.org/10.1016/0038-1098(92)90797-D
https://doi.org/10.1016/0038-1098(92)90797-D
https://doi.org/10.1103/PhysRevB.47.7344
https://doi.org/10.1103/PhysRevB.47.7344
https://doi.org/10.1103/PhysRevB.47.9910
https://doi.org/10.1103/PhysRevB.47.9910
https://doi.org/10.1016/0039-6028(94)90863-X
https://doi.org/10.1016/0039-6028(94)90863-X
https://doi.org/10.1088/0953-8984/7/39/010
https://doi.org/10.1088/0953-8984/7/39/010
https://doi.org/10.1103/PhysRevB.51.14770
https://doi.org/10.1103/PhysRevB.51.14770
https://doi.org/10.1063/1.122400
https://doi.org/10.1063/1.122400
https://doi.org/10.1103/PhysRevLett.120.137603
https://doi.org/10.1103/PhysRevLett.120.137603
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04235
https://doi.org/10.1038/nature04235
https://doi.org/10.1126/science.1244358
https://doi.org/10.1126/science.1244358
https://doi.org/10.1103/PhysRevLett.101.096802
https://doi.org/10.1103/PhysRevLett.101.096802
https://doi.org/10.1021/nn303352k
https://doi.org/10.1021/nn303352k
https://doi.org/10.1021/ar300203n
https://doi.org/10.1021/ar300203n
https://doi.org/10.3390/molecules25173856
https://doi.org/10.3390/molecules25173856
https://doi.org/10.3390/cryst6050053
https://doi.org/10.3390/cryst6050053
https://doi.org/10.1021/nl200390e
https://doi.org/10.1021/nl200390e
https://doi.org/10.1103/PhysRev.71.622
https://doi.org/10.1103/PhysRev.71.622
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.1193
https://doi.org/10.1103/RevModPhys.83.1193
https://doi.org/10.1103/PhysRevLett.122.046403
https://doi.org/10.1103/PhysRevLett.122.046403
https://doi.org/10.1038/ncomms1986
https://doi.org/10.1038/ncomms1986
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevB.74.165310
https://doi.org/10.1103/PhysRevB.74.165310
https://doi.org/10.1103/PhysRevB.75.041401
https://doi.org/10.1103/PhysRevB.75.041401
https://doi.org/10.1103/PhysRevB.75.121402
https://doi.org/10.1103/PhysRevB.75.121402
https://doi.org/10.1103/PhysRevB.82.245412
https://doi.org/10.1103/PhysRevB.82.245412
https://doi.org/10.1103/PhysRevB.80.235431
https://doi.org/10.1103/PhysRevB.80.235431
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nmat3687
https://doi.org/10.1038/nmat3687
https://doi.org/10.1038/nnano.2012.95
https://doi.org/10.1038/nnano.2012.95
https://doi.org/10.1038/ncomms13372
https://doi.org/10.1038/ncomms13372
https://doi.org/10.1038/s41699-020-0152-0
https://doi.org/10.1038/s41699-020-0152-0
https://doi.org/10.1021/jp075424v
https://doi.org/10.1021/jp075424v

J. Phys. D: Appl. Phys. 57 (2024) 303001

Topical Review

[45] Mak K F, Lee C, Hone J, Shan J and Heinz T F 2010
Atomically thin MoS;: a new direct-gap semiconductor
Phys. Rev. Lett. 105 136805

[46] Xiao D, Liu G-B, Feng W, Xu X and Yao W 2012 Coupled
spin and valley physics in monolayers of MoS, and other
group-VI dichalcogenides Phys. Rev. Lett. 108 196802

[47] Kuc A, Zibouche N and Heine T 2011 Influence of quantum
confinement on the electronic structure of the transition
metal sulfide TS, Phys. Rev. B 83 245213

[48] Splendiani A, Sun L, Zhang Y, Li T, Kim J, Chim C-Y,

Galli G and Wang F 2010 Emerging photoluminescence in

monolayer MoS, Nano Lett. 10 1271

[49] Sonowal K, Boev D V, Kalameitsev A V, Kovalev V M and
Savenko I G 2022 Valley spin-acoustic resonance in MoS;
monolayers Phys. Rev. B 106 155426

[50] ZhuZ'Y, Cheng Y C and Schwingenschlogl U 2011 Giant
spin-orbit-induced spin splitting in two-dimensional
transition-metal dichalcogenide semiconductors Phys. Rev.
B 84 153402

[51] Kadantsev E S and Hawrylak P 2012 Electronic structure of a

single MoS, monolayer Solid State Commun. 152 909
[52] Korményos K, Zdélyomi V, Drummond N D, Rakyta P,

Burkard G and Fal’ko V 12013 Monolayer MoS;: trigonal

warping, the I' valley and spin-orbit coupling effects Phys.
Rev. B 88 045416

[53] Wu Z et al 2019 Intrinsic valley Hall transport in atomically
thin MoS; Nat. Commun. 10 611

[54] Kos$mider K, Gonzélez J W and Ferndndez-Rossier J 2013
Large spin splitting in the conduction band of transition
metal dichalcogenide monolayers Phys. Rev. B 88 245436

[55] Sonowal K, Kalameitsev A V, Kovalev V M and Savenko I G

2020 Acoustoelectric effect in two-dimensional Dirac
materials exposed to Rayleigh surface acoustic waves
Phys. Rev. B 102 235405

[56] Wang G et al 2015 Spin-orbit engineering in transition metal
dichalcogenide alloy monolayers Nat. Commun. 6 10110

[57] Lee C, Wei X, Kysar J W and Hone J 2008 Measurement of
the elastic properties and intrinsic strength of monolayer
graphene Science 321 385

[58] Kim S, Zhao Y, Jang Y H, Lee S Y, KimJ M, Kim K S,
Ahn J-H, Kim P, Choi J-Y and Hong B H 2009
Large-scale pattern growth of graphene films for
stretchable transparent electrodes Nature 457 706

[59] Bao W, Miao F, Chen Z, Zhang H, Jang W, Dames C and
Lau C N 2009 Controlled ripple texturing of suspended
graphene and ultrathin graphite membranes Nat.
Nanotechnol. 4 562

[60] Daniels C, Horning A, Phillips A, Massote D V P, Liang L,
Bullard Z, Sumpter B G and Meunier V 2015 Elastic,
plastic and fracture mechanisms in graphene materials J.
Phys.: Condens. Matter 27 373002

[61] Bertolazzi S, Brivio J and Kis A 2011 Stretching and
breaking of ultrathin MoS, ACS Nano 5§ 9703

[62] Klimov N N, Jung S, Zhu S, Li T, Wright C A, Solares S D,
Newell D B, Zhitenev N B and Stroscio J A 2012
Electromechanical properties of graphene drumheads
Science 336 1557

[63] White R M and Voltmer F W 1965 Direct piezoelectric
coupling to surface elastic waves Appl. Phys. Lett. 7 314

[64] Mandal D and Banerjee S 2022 Surface acoustic wave
(SAW) sensors: physics, materials and applications
Sensors 22 820

[65] Parmenter R H 1953 The acousto-electric effect Phys. Rev.
89 990

[66] Weinreich G and White H G 1957 Observation of the
acoustoelectric effect Phys. Rev. 106 1104

[67] Roshchupkin D et al 2015 Surface acoustic wave propagation

in graphene film J. Appl. Phys. 118 104901

[68] Weinreich G 1956 Acoustodynamic effects in
semiconductors Phys. Rev. 104 321

[69] Ingebrigtsen K A 1970 Linear and nonlinear attenuation of
acoustic surface waves in a piezoelectric coated with a
semiconductor film J. Appl. Phys. 41 454

[70] Simon S H 1996 Coupling of surface acoustic waves to a
two-dimensional electron gas Phys. Rev. B 54 13878

[71] Thalmeier P, Déra B and Ziegler K 2010 Surface acoustic
wave propagation in graphene Phys. Rev. B 81 041409(R)

[72] Hernandez-Minguez A, Liou Y-T and Santos P V 2018
Interaction of surface acoustic waves with electronic
excitations in graphene J. Phys. D: Appl. Phys. 51 383001

[73] Fandan R, Pedros J, Schiefele J, Boscd A, Martinez J and
Calle F 2018 Acoustically-driven surface and hyperbolic
plasmon-phonon polaritons in graphene/h-BN
heterostructures on piezoelectric substrates J. Phys. D:
Appl. Phys. 51 204004

[74] Margulis V A and Muryumin E E 2024 Giant quantum
oscillations of acoustoelectric current in narrow graphene
nanoribbons J. Phys. D: Appl. Phys. 57 075304

[75] Miseikis V, Cunningham J E, Saeed K, ORorke R and
Davies A G 2012 Acoustically induced current flow in
graphene Appl. Phys. Lett. 100 133105

[76] Poole T and Nash G R 2017 Acoustoelectric current in
graphene nanoribbons Sci. Rep. 7 1767

[77] Preciado E et al 2015 Scalable fabrication of a hybrid
field-effect and acousto-electric device by direct growth of
monolayer MoS,/LiNbO3; Nat. Commun. 6 8593

[78] Bandhu L, Lawton L M and Nash G R 2013 Macroscopic
acoustoelectric charge transport in graphene Appl. Phys.
Lett. 103 133101

[79] Santos P V, Schumann T, Oliveira M H, Lopes J M J and
Riechert H 2013 Acousto-electric transport in epitaxial
monolayer graphene on SiC Appl. Phys. Lett.
102 221907

[80] Whitehead E F, Chick E M, Bandhu L, Lawton L M and
Nash G R 2013 Gas loading of graphene-quartz surface
acoustic wave devices Appl. Phys. Lett. 103 063110

[81] Bandhu L and Nash G R 2014 Temperature dependence of
the acoustoelectric current in graphene Appl. Phys. Lett.
105 263106

[82] Xu S, LiC,LiH, Li M, Qu C and Yang B 2015 Carbon
dioxide sensors based on a surface acoustic wave device
with a graphene—nickel-L-alanine multilayer film J.
Mater. Chem. C 3 3882

[83] Bandhu L and Nash G R 2016 Controlling the properties of
surface acoustic waves using graphene Nano Res. 9 685

[84] Zheng S, Zhang H, Feng Z, Yu Y, Zhang R, Sun C, Liu J,
Duan X, Pang W and Zhang D 2016 Acoustic charge
transport induced by the surface acoustic wave in chemical
doped graphene Appl. Phys. Lett. 109 183110

[85] Okuda S, Ikuta T, Kanai Y, Ono T, Ogawa S, Fujisawa D,
Shimatani M, Inoue K, Maehashi K and Matsumoto K
2016 Acoustic carrier transportation induced by surface
acoustic waves in graphene in solution Appl. Phys. Exp.
9 045104

[86] Hernandez-Minguez A, Tahraoui A, Lopes J M J and
Santos P V 2016 Acoustoelectric transport at gigahertz
frequencies in coated epitaxial graphene Appl. Phys. Lett.
108 193502

[87] Liou Y-T, Hernandez-Minguez A, Herfort J, Lopes J M J,
Tahraoui A and Santos P V 2017 Acousto-electric
transport in MgO/ZnO-covered graphene on SiC J. Phys.
D: Appl. Phys. 50 464008

[88] Liang J, Yang X, Zheng S, Sun C, Zhang M, Zhang H,
Zhang D and Pang W 2017 Modulation of acousto-electric
current using a hybrid on-chip AIN SAW/GFET device
Appl. Phys. Lett. 110 243504


https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevB.83.245213
https://doi.org/10.1103/PhysRevB.83.245213
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nl903868w
https://doi.org/10.1103/PhysRevB.106.155426
https://doi.org/10.1103/PhysRevB.106.155426
https://doi.org/10.1103/PhysRevB.84.153402
https://doi.org/10.1103/PhysRevB.84.153402
https://doi.org/10.1016/j.ssc.2012.02.005
https://doi.org/10.1016/j.ssc.2012.02.005
https://doi.org/10.1103/PhysRevB.88.045416
https://doi.org/10.1103/PhysRevB.88.045416
https://doi.org/10.1038/s41467-019-08629-9
https://doi.org/10.1038/s41467-019-08629-9
https://doi.org/10.1103/PhysRevB.88.245436
https://doi.org/10.1103/PhysRevB.88.245436
https://doi.org/10.1103/PhysRevB.102.235405
https://doi.org/10.1103/PhysRevB.102.235405
https://doi.org/10.1038/ncomms10110
https://doi.org/10.1038/ncomms10110
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1038/nature07719
https://doi.org/10.1038/nature07719
https://doi.org/10.1038/nnano.2009.191
https://doi.org/10.1038/nnano.2009.191
https://doi.org/10.1088/0953-8984/27/37/373002
https://doi.org/10.1088/0953-8984/27/37/373002
https://doi.org/10.1021/nn203879f
https://doi.org/10.1021/nn203879f
https://doi.org/10.1126/science.1220335
https://doi.org/10.1126/science.1220335
https://doi.org/10.1063/1.1754276
https://doi.org/10.1063/1.1754276
https://doi.org/10.3390/s22030820
https://doi.org/10.3390/s22030820
https://doi.org/10.1103/PhysRev.89.990
https://doi.org/10.1103/PhysRev.89.990
https://doi.org/10.1103/PhysRev.106.1104
https://doi.org/10.1103/PhysRev.106.1104
https://doi.org/10.1063/1.4930050
https://doi.org/10.1063/1.4930050
https://doi.org/10.1103/PhysRev.104.321
https://doi.org/10.1103/PhysRev.104.321
https://doi.org/10.1063/1.1658696
https://doi.org/10.1063/1.1658696
https://doi.org/10.1103/PhysRevB.54.13878
https://doi.org/10.1103/PhysRevB.54.13878
https://doi.org/10.1103/PhysRevB.81.041409
https://doi.org/10.1103/PhysRevB.81.041409
https://doi.org/10.1088/1361-6463/aad593
https://doi.org/10.1088/1361-6463/aad593
https://doi.org/10.1088/1361-6463/aab8bd
https://doi.org/10.1088/1361-6463/aab8bd
https://doi.org/10.1088/1361-6463/ad098c
https://doi.org/10.1088/1361-6463/ad098c
https://doi.org/10.1063/1.3697403
https://doi.org/10.1063/1.3697403
https://doi.org/10.1038/s41598-017-01979-8
https://doi.org/10.1038/s41598-017-01979-8
https://doi.org/10.1038/ncomms9593
https://doi.org/10.1038/ncomms9593
https://doi.org/10.1063/1.4822121
https://doi.org/10.1063/1.4822121
https://doi.org/10.1063/1.4809726
https://doi.org/10.1063/1.4809726
https://doi.org/10.1063/1.4818465
https://doi.org/10.1063/1.4818465
https://doi.org/10.1063/1.4905222
https://doi.org/10.1063/1.4905222
https://doi.org/10.1039/C4TC02986K
https://doi.org/10.1039/C4TC02986K
https://doi.org/10.1007/s12274-015-0947-z
https://doi.org/10.1007/s12274-015-0947-z
https://doi.org/10.1063/1.4967192
https://doi.org/10.1063/1.4967192
https://doi.org/10.7567/APEX.9.045104
https://doi.org/10.7567/APEX.9.045104
https://doi.org/10.1063/1.4949756
https://doi.org/10.1063/1.4949756
https://doi.org/10.1088/1361-6463/aa8e8a
https://doi.org/10.1088/1361-6463/aa8e8a
https://doi.org/10.1063/1.4986481
https://doi.org/10.1063/1.4986481

J. Phys. D: Appl. Phys. 57 (2024) 303001

Topical Review

[89] Tang C-C, Chen Y-F, Ling D C, Chi C C and Chen J-C 2017
Ultra-low acoustoelectric attenuation in graphene J. Appl.
Phys. 121 124505
[90] Lane J R, Zhang L, Khasawneh M A, Zhou B N,
Henriksen E A and Pollanen J 2018 Flip-chip gate-tunable
acoustoelectric effect in graphene J. Appl. Phys.
124 194302
[91] Poole T and Nash G R 2018 Acoustoelectric photoresponse
of graphene nanoribbons J. Phys. D: Appl. Phys.
51 154001
[92] Okuda S, Ono T, Kanai Y, Ikuta T, Shimatani M, Ogawa S,
Maehashi K, Inoue K and Matsumoto K 2018 Graphene
surface acoustic wave sensor for simultaneous detection of
charge and mass ACS Sens. 3 200
[93] Zheng S, Wu E and Zhang H 2018 Anomalous
acoustoelectric currents in few-layer black phosphorus
nanocrystals /[EEE Trans. Nanotechnol. 17 590
[94] Delsing P et al 2019 The 2019 surface acoustic waves
roadmap J. Phys. D: Appl. Phys. 52 353001
[95] Zhao P, Tiemann L, Trieu H K and Blick R H 2020
Acoustically driven Dirac electrons in monolayer
graphene Appl. Phys. Lett. 116 103102
[96] Chen C and Jin J 2020 Surface acoustic wave vapor sensor
with graphene interdigital transducer for TNT detection
Sens. Imaging 21 24
[97] Nafees S, Ashraf S S Z and Obaidurrahman M 2022
Acoustoelectric current in graphene due to electron
deformation potential and piezoelectric phonon couplings
Phys. Scr. 97 045705
[98] Zhao P, Sharma C H, Liang R, Glasenapp C, Mourokh L,
Kovalev V M, Huber P, Prada M, Tiemann L and
Blick R H 2022 Acoustically induced giant synthetic Hall
voltages in graphene Phys. Rev. Lett. 128 256601
[99] Fang Y, Xu Y, Kang K, Davaji B, Watanabe K, Taniguchi T,
Lal A, Mak K F, Shan J and Ramshaw B J 2023 Quantum
oscillations in graphene using surface acoustic wave
resonators Phys. Rev. Lett. 130 246201
[100] Nie X, Wu X, Wang Y, Ban S, LeiZ, YiJ,Liu Y and Liu Y
2023 Surface acoustic wave induced phenomena in
two-dimensional materials Nanoscale Horiz. 8 158
[101] Costanza M, Spina L L, Moreira A D S L, Belharet D,
Bartasyte A and Margueron S 2023 Acousto-electric
measurements at 25 GHz on graphene transferred onto
YX128°-LiNbO3 Nanotechnology 34 325202
[102] Barajas-Aguilar A H, Zion J, Sequeira I, Barabas A Z,
Taniguchi T, Watanabe K, Barrett E and
Sanchez-Yamagishi J D 2023 Electrically-driven
amplification of terahertz acoustic waves in graphene
(arXiv:2310.12225)
[103] Nunes O A C 2014 Piezoelectric surface acoustical phonon
amplification in graphene on a GaAs substrate J. Appl.
Phys. 115 233715
[104] Yurchenko S O, Komarov K A and Pustovoit V 12015
Multilayer-graphene-based amplifier of surface acoustic
waves AIP Adv. 5 057144
[105] Insepov Z, Emelin E, Kononenko O, Roshchupkin D V,
Tnyshtykbayev K B and Baigarin K A 2015 Surface
acoustic wave amplification by direct current-voltage
supplied to graphene film Appl. Phys. Lett. 106 023505
[106] Hutson A R, McFee J H and White D L 1961 Ultrasonic
amplification in CdS Phys. Rev. Lett. 7 237
[107] Collins J H, Lakin K M, Quate C F and Shaw H J 1968
Amplification of acoustic surface waves with adjacent
semiconductor and piezoelectric crystals Appl. Phys. Lett.
133147
[108] Bierbaum P 1972 Interaction of ultrasonic surface waves
with conduction electrons in thin metal films Appl. Phys.
Lett. 12 595

[109] Arsat R, Breedon M, Shafiei M, Spizziri P G, Gilje S,
Kaner R B, Kalantar Zadeh K and Wlodarski W 2009
Graphene-like nano-sheets for surface acoustic wave gas
sensor applications Chem. Phys. Lett. 467 344

[110] Vaquero D, Clerico V, Salvador-Sanchez J, Quereda J, Diez E
and Pérez-Munoz A M 2021 Ionic-liquid gating in
two-dimensional TMDs: the operation principles and
spectroscopic capabilities Micromachines 12 1576

[111] Bhalla P, Vignale G and Rostami H 2022 Pseudogauge field
driven acoustoelectric current in two-dimensional
hexagonal Dirac materials Phys. Rev. B 105 125407

[112] von Klitzing K, Dorda G and Pepper M 1980 New method for
high-accuracy determination of the fine-structure constant
based on quantized Hall resistance Phys. Rev. Lett.

45 494

[113] Savenko I G, Kalameitsev A V, Mourokh L G and
Kovalev V M 2020 Acoustomagnetoelectric effect in
two-dimensional materials: geometric resonances and
Weiss oscillations Phys. Rev. B 102 045407

[114] Meyer J C, Geim A K, Katsnelson M I, Novoselov K S,
Booth T J and Roth S 2007 The structure of suspended
graphene sheets Nature 446 60

[115] Ishigami M, Chen J H, Cullen W G, Fuhrer M S and
Williams E D 2007 The structure of suspended graphene
sheets Nano Lett. T 1643

[116] Stolyarova E, Rim K T, Ryu S, Maultzsch J, Kim P, Brus L E,
Heinz T F, Hybertsen M S and Flynn G W 2007
High-resolution scanning tunneling microscopy imaging
of mesoscopic graphene sheets on an insulating surface
Proc. Natl Acad. Sci. 104 9209

[117] Kane C L and Mele E J 1997 Size, shape and low energy
electronic structure of carbon nanotubes Phys. Rev. Lett.
78 1932

[118] Suzuura H and Ando T 2002 Phonons and electron-phonon
scattering in carbon nanotubes Phys. Rev. B 65 235412

[119] Levy N, Burke S A, Meaker K L, Panlasigui M, Zettl A,
Guinea F, Castro Neto A H and Crommie M F 2010
Strain-induced pseudo-magnetic fields greater than 300
Tesla in graphene nanobubbles Science 329 544

[120] LuJ, Castro neto A H and Loh K P 2012 Transforming moiré
blisters into geometric graphene nano-bubbles Nat.
Commun. 3 823

[121] Yan H, Sun Y, He L, Nie J-C and Chan M H W 2012
Observation of Landau-level-like quantization at 77 K
along a strained-induced graphene ridge Phys. Rev. B
85 035422

[122] Jiang Y, Mao J, Duan J, Lai X, Watanab K, Taniguchi T and
Andrei E Y 2017 Visualizing strain-induced
pseudomagnetic fields in graphene through an hBN
magnifying glass Nano Lett. 17 2839

[123] Guinea F, Katsnelson M I and Geim A K 2010 Energy gaps
and a zero-field quantum Hall effect in graphene by strain
engineering Nat. Phys. 6 30

[124] Guinea F, Katsnelson M I and Vozmediano M A H 2008
Midgap states and charge inhomogeneities in corrugated
graphene Phys. Rev. B 77 075422

[125] Kim E-A and Castro Neto A H 2008 Graphene as an
electronic membrane Europhys. Lett. 84 570074

[126] Morpurgo A F and Guinea F 2006 Intervalley scattering,
long-range disorder and effective time-reversal symmetry
breaking in graphene Phys. Rev. Lett. 97 196804

[127] Mariani E and von Oppen F 2008 Flexural phonons in
free-standing graphene Phys. Rev. Lett. 100 076801

[128] von Oppen F, Guinea F and Mariani E 2009 Synthetic
electric fields and phonon damping in carbon nanotubes
and graphene Phys. Rev. B 80 075420

[129] Low T and Guinea F 2010 Strain-induced pseudomagnetic
field for novel graphene electronics Nano Lett. 10 3551


https://doi.org/10.1063/1.4979207
https://doi.org/10.1063/1.4979207
https://doi.org/10.1063/1.5047211
https://doi.org/10.1063/1.5047211
https://doi.org/10.1088/1361-6463/aab3ec
https://doi.org/10.1088/1361-6463/aab3ec
https://doi.org/10.1021/acssensors.7b00851
https://doi.org/10.1021/acssensors.7b00851
https://doi.org/10.1109/TNANO.2018.2827666
https://doi.org/10.1109/TNANO.2018.2827666
https://doi.org/10.1088/1361-6463/ab1b04
https://doi.org/10.1088/1361-6463/ab1b04
https://doi.org/10.1063/1.5139498
https://doi.org/10.1063/1.5139498
https://doi.org/10.1007/s11220-020-00287-2
https://doi.org/10.1007/s11220-020-00287-2
https://doi.org/10.1088/1402-4896/ac5b42
https://doi.org/10.1088/1402-4896/ac5b42
https://doi.org/10.1103/PhysRevLett.128.256601
https://doi.org/10.1103/PhysRevLett.128.256601
https://doi.org/10.1103/PhysRevLett.130.246201
https://doi.org/10.1103/PhysRevLett.130.246201
https://doi.org/10.1039/D2NH00458E
https://doi.org/10.1039/D2NH00458E
https://doi.org/10.1088/1361-6528/acd063
https://doi.org/10.1088/1361-6528/acd063
https://arxiv.org/abs/2310.12225
https://doi.org/10.1063/1.4883914
https://doi.org/10.1063/1.4883914
https://doi.org/10.1063/1.4921565
https://doi.org/10.1063/1.4921565
https://doi.org/10.1063/1.4906033
https://doi.org/10.1063/1.4906033
https://doi.org/10.1103/PhysRevLett.7.237
https://doi.org/10.1103/PhysRevLett.7.237
https://doi.org/10.1063/1.1652628
https://doi.org/10.1063/1.1652628
https://doi.org/10.1063/1.1654269
https://doi.org/10.1063/1.1654269
https://doi.org/10.1016/j.cplett.2008.11.039
https://doi.org/10.1016/j.cplett.2008.11.039
https://doi.org/10.3390/mi12121576
https://doi.org/10.3390/mi12121576
https://doi.org/10.1103/PhysRevB.105.125407
https://doi.org/10.1103/PhysRevB.105.125407
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevB.102.045407
https://doi.org/10.1103/PhysRevB.102.045407
https://doi.org/10.1038/nature05545
https://doi.org/10.1038/nature05545
https://doi.org/10.1021/nl070613a
https://doi.org/10.1021/nl070613a
https://doi.org/10.1073/pnas.0703337104
https://doi.org/10.1073/pnas.0703337104
https://doi.org/10.1103/PhysRevLett.78.1932
https://doi.org/10.1103/PhysRevLett.78.1932
https://doi.org/10.1103/PhysRevB.65.235412
https://doi.org/10.1103/PhysRevB.65.235412
https://doi.org/10.1126/science.1191700
https://doi.org/10.1126/science.1191700
https://doi.org/10.1038/ncomms1818
https://doi.org/10.1038/ncomms1818
https://doi.org/10.1103/PhysRevB.85.035422
https://doi.org/10.1103/PhysRevB.85.035422
https://doi.org/10.1021/acs.nanolett.6b05228
https://doi.org/10.1021/acs.nanolett.6b05228
https://doi.org/10.1038/nphys1420
https://doi.org/10.1038/nphys1420
https://doi.org/10.1103/PhysRevB.77.075422
https://doi.org/10.1103/PhysRevB.77.075422
https://doi.org/10.1209/0295-5075/84/57007
https://doi.org/10.1209/0295-5075/84/57007
https://doi.org/10.1103/PhysRevLett.97.196804
https://doi.org/10.1103/PhysRevLett.97.196804
https://doi.org/10.1103/PhysRevLett.100.076801
https://doi.org/10.1103/PhysRevLett.100.076801
https://doi.org/10.1103/PhysRevB.80.075420
https://doi.org/10.1103/PhysRevB.80.075420
https://doi.org/10.1021/nl1018063
https://doi.org/10.1021/nl1018063

J. Phys. D: Appl. Phys. 57 (2024) 303001

Topical Review

[130] Kim K-J, Blanter Y M and Ahn K-H 2011 Interplay between
real and pseudomagnetic field in graphene with strain
Phys. Rev. B 84 081401

[131] Vozmediano M A H, Katsnelson M I and Guinea F 2010
Gauge fields in graphene Phys. Rep. 496 109

[132] Manes J L 2007 Symmetry-based approach to
electron-phonon interactions in graphene Phys. Rev. B
76 045430

[133] Zhai D and Sandler N 2019 Electron dynamics in strained
graphene Mod. Phys. Lett. B 33 1930001

[134] Naumis G G, Barraza-Lopez S, Oliva-Leyva M and
Terrones H 2017 Electronic and optical properties of
strained graphene and other strained 2D materials: a
review Rep. Prog. Phys. 80 096501

[135] Lantagne-Hurtubise E, Zhang X-X and Franz M 2020
Dispersive Landau levels and valley currents in strained
graphene nanoribbons Phys. Rev. B 101 085423

[136] Amorim B et al 2016 Novel effects of strains in graphene and
other two dimensional materials Phys. Rep. 617 1

[137] Roldéan R, Castellanos-Gomez A, Cappelluti E and Guinea F
2015 Strain engineering in semiconducting two
dimensional crystals J. Phys.: Condens. Matter 27 313201

[138] Mohiuddin T M G et al 2009 Uniaxial strain in graphene by
Raman spectroscopy: G peak splitting, Griineisen
parameters and sample orientation Phys. Rev. B 79 205433

[139] Ding F, Ji H, Chen Y, Herklotz A, Dorr K, Mei Y, Rastelli A
and Schmidt O G 2010 Stretchable graphene: a close look
at fundamental parameters through biaxial straining Nano
Lett. 10 3453

[140] Cheng Y C, Zhu Z Y, Huang G S and Schwingenschlogl U
2011 Griineisen parameter of the G mode of strained
monolayer graphene Phys. Rev. B 83 115449

[141] Si C, Sun Z and Liu F 2016 Strain engineering of graphene: a
review Nanoscale 8 3207

[142] Akinwande D et al 2017 A review on mechanics and
mechanical properties of 2D materials—graphene and
beyond Extreme Mech. Lett. 13 42

[143] Zhu S Z, Stroscio J A and Li T 2015 Programmable extreme
pseudomagnetic fields in graphene by a uniaxial stretch
Phys. Rev. Lett. 115 245501

[144] Sela E, Bloch Y, von Oppen F and Shalom M B 2020
Quantum Hall response to time-dependent strain gradients
in graphene Phys. Rev. Lett. 124 026602

[145] Verbiest G J, Brinker S and Stampfer C 2015 Uniformity of
the pseudomagnetic field in strained graphene Phys. Rev.
B 92 075417

[146] Guinea F, Geim A K, Katsnelson M I and Novoselov K S
2010 Generating quantizing pseudomagnetic fields by
bending graphene ribbons Phys. Rev. B 81 035408

[147] Gomes K K, Mar W, Ko W, Guinea F and Manoharan H C
2012 Designer Dirac fermions and topological phases in
molecular graphene Nature 483 306

[148] Oliva-Leyva M and Naumis G G 2016 Sound waves induce
Volkov-like states, band structure and collimation effect in
graphene J. Phys.: Condens. Matter 28 025301

[149] Sukhachov P O and Rostami H 2020 Acoustogalvanic effect
in Dirac and Weyl semimetals Phys. Rev. Lett. 124 126602

[150] Rostami H, Rolddn R, Cappelluti E, Asgari R and Guinea F
2015 Theory of strain in single-layer transition metal
dichalcogenides Phys. Rev. B 92 195402

[151] Mak K F, McGill K L, Park J and McEuen P L 2014 The
valley Hall effect in MoS; transistors Science 344 1489

[152] Kalameitsev A V, Kovalev V M and Savenko I G 2019 Valley
acoustoelectric effect Phys. Rev. Lett. 122 256801


https://doi.org/10.1103/PhysRevB.84.081401
https://doi.org/10.1103/PhysRevB.84.081401
https://doi.org/10.1016/j.physrep.2010.07.003
https://doi.org/10.1016/j.physrep.2010.07.003
https://doi.org/10.1103/PhysRevB.76.045430
https://doi.org/10.1103/PhysRevB.76.045430
https://doi.org/10.1142/S0217984919300011
https://doi.org/10.1142/S0217984919300011
https://doi.org/10.1088/1361-6633/aa74ef
https://doi.org/10.1088/1361-6633/aa74ef
https://doi.org/10.1103/PhysRevB.101.085423
https://doi.org/10.1103/PhysRevB.101.085423
https://doi.org/10.1016/j.physrep.2015.12.006
https://doi.org/10.1016/j.physrep.2015.12.006
https://doi.org/10.1088/0953-8984/27/31/313201
https://doi.org/10.1088/0953-8984/27/31/313201
https://doi.org/10.1103/PhysRevB.79.205433
https://doi.org/10.1103/PhysRevB.79.205433
https://doi.org/10.1021/nl101533x
https://doi.org/10.1021/nl101533x
https://doi.org/10.1103/PhysRevB.83.115449
https://doi.org/10.1103/PhysRevB.83.115449
https://doi.org/10.1039/C5NR07755A
https://doi.org/10.1039/C5NR07755A
https://doi.org/10.1016/j.eml.2017.01.008
https://doi.org/10.1016/j.eml.2017.01.008
https://doi.org/10.1103/PhysRevLett.115.245501
https://doi.org/10.1103/PhysRevLett.115.245501
https://doi.org/10.1103/PhysRevLett.124.026602
https://doi.org/10.1103/PhysRevLett.124.026602
https://doi.org/10.1103/PhysRevB.92.075417
https://doi.org/10.1103/PhysRevB.92.075417
https://doi.org/10.1103/PhysRevB.81.035408
https://doi.org/10.1103/PhysRevB.81.035408
https://doi.org/10.1038/nature10941
https://doi.org/10.1038/nature10941
https://doi.org/10.1088/0953-8984/28/2/025301
https://doi.org/10.1088/0953-8984/28/2/025301
https://doi.org/10.1103/PhysRevLett.124.126602
https://doi.org/10.1103/PhysRevLett.124.126602
https://doi.org/10.1103/PhysRevB.92.195402
https://doi.org/10.1103/PhysRevB.92.195402
https://doi.org/10.1126/science.1250140
https://doi.org/10.1126/science.1250140
https://doi.org/10.1103/PhysRevLett.122.256801
https://doi.org/10.1103/PhysRevLett.122.256801

	Surface acoustic wave induced transport and strain phenomena in van der Waals materials
	1. Introduction
	2. Graphene, MoS2, and the versatility of vdW materials
	3. SAW and acousto-electric effects
	3.1. Dependence of AE transport on the charge density
	3.2. Graphene AE transport in an external magnetic field

	4. Artificial vector potentials in vdW systems
	5. SAW-induced gauge field effects in graphene
	6. Recent frontiers: AE transport phenomena in TMDC
	7. Concluding remarks
	References


