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Any departure from graphene’s flatness leads to the emergence of artificial gauge fields that act on the
motion of the Dirac fermions through an associated pseudomagnetic field. Here, we demonstrate the
tunability of strong gauge fields in nonlocal experiments using a large planar graphene sheet that conforms
to the deformation of a piezoelectric layer by a surface acoustic wave. The acoustic wave induces a
longitudinal and a giant synthetic Hall voltage in the absence of external magnetic fields. The superposition
of a synthetic Hall potential and a conventional Hall voltage can annihilate the sample’s transverse potential
at large external magnetic fields. Surface acoustic waves thus provide a promising and facile avenue for the
exploitation of gauge fields in large planar graphene systems.
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Phonons and their interaction with electrons have a long
and rich history in condensed matter physics. Phonons
generally exist as random and omnidirectional propagating
lattice vibrations that are powered by the finite temperatures
in the solid. Surface acoustic waves, henceforth abbreviated
as SAW, are very strong directed vibrational modes that
propagate predominately along the surface of a piezo-
electric crystal. SAW can be launched in a piezoelectric
substrate by an interdigitated transducer (IDT) [1], i.e., two
interlocking electrodes connected to a frequency generator,
which locally “nudges” the piezoelectric substrate to
perform a periodic mechanical contraction and expansion.
The resulting directed propagation of a mechanical defor-
mation wave along the surface of a substrate has become a
heavily exploited technique in sensing applications [2,3]
and in basic research of 2D electron systems [4–14] in
semiconductor heterostructures.
The interaction between SAW and the quasirelativistic

carriers in graphene marries classical and relativistic
physics and should significantly revise the acoustic trans-
port of 2D carrier systems. Theory predicts new rich
physics, including a crossover from a Schrödinger-like
to a Dirac-like behavior that relates to the acoustic wave
vector [15]. When graphene is placed on a substrate with
passing SAW, the propagating wave drags along carriers
in the graphene sheet. Pioneering works have studied the
flow of such acoustically induced currents and the buildup
of longitudinal voltages under various experimental con-
ditions (temperature, carrier concentration, for different

piezoelectric substrates and wiring schemes) [16–20].
Recently, acoustic transport under high magnetic fields
and 4.2 Kelvin studied the regime of Landau quantization
[21] as many years before in GaAs heterostructures [4,7].
Here, we explore the limits of very high SAW excitation

powers in the regime of Dirac physics in a large planar
graphene device at cryogenic temperatures. We observe the
buildup of a giant longitudinal voltage and a synthetic
transverse Hall voltage in the absence of magnetic fields.
The acoustically induced synthetic Hall voltage can be
exploited to compensate and amplify conventional Hall
voltages that arise from classical electrodynamics when
carriers are placed in a magnetic field. We argue that
SAW-induced strain leads to artificial gauge fields that
can account for the generation of the transverse voltage
component.
Figure 1 illustrates our sample layout and summarizes

the characterization of the graphene layer. A high
piezoelectricity of the substrate is key to strongly actuate
the graphene by a passing SAW. An optimized hybrid
substrate consisting of 900 nm of LiNbO3 that is
separated by 2 μm SiO2 from a p-doped silicon wafer
was developed. The p-doped Si acts as a back gate to
control carrier type and concentration in the graphene via
the gate voltage, VBG. LiNbO3 has a piezoelectric
constant 80 times higher than GaAs. The thickness of
the dielectric layer is adjusted to the acoustic wavelength
and suppresses any leakage of the SAW into the bulk.
CVD monolayer graphene (MLG) is transferred to the
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substrate [22] and patterned into a Hall bar close to an
IDT (sample details in the caption of Fig. 1). From the
Raman spectrum in Fig. 1(a), we deduce a ratio of the
2D=G peaks of 3.5, confirming the presence of a single
layer. To abate the amounts of contaminants on the
surface, it is thermally annealed inside a vacuum probe
at 100 °C for two days prior to cool down to 4.2 K in
vacuum. In the following, we will present and discuss
data collected from this sample. We reproduced and
confirmed the experimental observations on a second
sample with different design parameters (see the
Supplemental Material [23]).
Conventional magnetotransport was measured with the

IDT grounded using a standard lock-in method, schemati-
cally illustrated in the lower part of Fig. 1(a) by passing a
constant 4 nA (37.3 Hz) alternating current I through a
dedicated source contact close to the IDT. A second contact
at the opposite end is permanently grounded. In a four-
point scheme, we monitor the longitudinal (Vxx) and Hall
(Vxy) voltage with lock-in amplifiers while sweeping the

magnetic field, B. The main panel of Fig. 1(b) shows an
exemplary measurement of the longitudinal resistance,
Rxx ¼ Vxx=I, and Hall resistance, Rxy ¼ Vxy=I, under
VBG ¼ −20 V, i.e., for a carrier concentration of 3.47 ×
1011 cm−2 and a mobility μ ¼ 6385 cm2 V−1 s−1. A Hall
plateau at Landau level filling factor ν ¼ ðnh=eBÞ ¼ 2 is
observed at B ¼ 6 T. Detailed magnetotransport measure-
ments are available in the Supplemental Material [23].
We characterized our IDT and the interaction between

SAW and graphene as schematically shown in the lower
part of Fig. 1(a). A short-circuit configuration is used to
enable a steady acoustic current, ISAW. The IDT is driven
by an external frequency generator in amplitude modula-
tion mode (modulation depth 100%) for the detection of the
induced acoustic currents and voltages by lock-in ampli-
fiers that also provide a reference signal [8]. Vxx and Vxy

are measured at the same contacts as in conventional
magnetotransport.
In the following, we will parametrize the SAW strength

by the output power of the frequency generator that is
given in mW. First, we will concentrate on the acoustic
current that is shown in Fig. 1(c). An IDT has a funda-
mental resonance f0 that is given by its design parameters.
Around f0, the acoustic wavelength λ matches the
finger distance and the piezoelectric substrate resonates.
Weaker harmonic resonances, for multiples of λ can also be
observed. Our IDT resonates at a fundamental frequency
of f0 ¼ 1.878 GHz for which ISAW is at a maximum
(Fig. 1(c) inset) at any given SAW power. ISAW is gate-
tunable and its sign reflects the carrier type. Measurements
in the main panel of Fig. 1(c) demonstrate that ISAW is
linear and switches sign when we pass the charge neutrality
point (CNP) of our graphene device. The acoustic current
density jSAW can be expressed by jSAW ∝ μP�Γυ−1, with
P� being the effective wave intensity, υ the wave velocity,
and Γ the wave attenuation, all of which are sensitive to the
carrier density or, more precisely, the conductivity [14,24].
The sensitivity arises from the interaction of electric fields
in the traveling mechanical surface deformation of the
LiNbO3 and mobile carriers in the graphene. Our IDT can
also operate with the (first) harmonic resonance of f1 ¼
2.872 GHz that results in weaker acoustic currents but
shows a similar dependence on the SAW power (additional
data in the Supplemental Material [23]).
A directed net flow of carriers that are subject to

scattering will result in a potential difference. Conse-
quently, longitudinal voltages were detected in response
to the flow of acoustic currents in graphene [20,25]. With
increasing IDT power, we observe that the flow of an
acoustic current not only induces the expected longitudinal
voltage, Vxx, but that also a transverse voltage component,
Vxy, appears. Figure 2 shows the development of Vxx

(black) and Vxy (blue) with SAW power for the funda-
mental and first harmonic resonance of the IDT and for
three different carrier concentrations at B ¼ 0 T. The sign

FIG. 1. Device structure, measurement configuration, and
characterization. (a) The top main panel shows a Raman spectrum
of our CVDmonolayer graphene (MLG). The inset is a schematic
diagram of the MLG on top of a hybrid LNOI substrate (900 nm
of LiNbO3 on 2 μm SiO2 insulator). The carrier concentration is
tuned by a voltage VBG applied to the p-doped substrate. MLG
was patterned into a Hall bar of 50 μm width and 400 μm total
length (50 μm contact distance). The bottom panels illustrate two
measurement configurations. In conventional magnetotransport, a
constant current I is passed through the Hall bar. In acoustic
transport, a microwave frequency is applied to the IDT (finger
width and distance are both 400 nm) and the resulting acoustic
current, ISAW, is measured in short-circuited configuration. In
both cases, longitudinal and Hall voltages are measured at the
same contacts. (b) Exemplary magnetotransport measurement for
VBG ¼ −20 V. The inset shows the carrier density vs VBG.
(c) ISAW as a function of frequency, power, and VBG for the
fundamental resonance of the IDT. A measurement for the first
harmonic is available in the Supplemental Material [23]. Data
were obtained at 4.2 K.
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of Vxx reflects the dominating carrier type in the graphene
layer. It is negative for both IDT resonances when the Fermi
energy resides in the conduction band and positive when the
Fermi energy lies in the valence band. At the CNP, where
ISAW becomes vanishingly small, we still observe a large
positive Vxx of the order of 1 mV. The CNP in our sample
exhibits a broad transition region (Fig. S1(a) in the
Supplemental Material [23]) where electrons and holes
coexist. With VBG ¼ 14 V, holes in the valence band appear
to dominate the transport. The relatively large longitudinal
voltage component at the CNP is due to the low conductivity
of the graphene layer that enables a large phonon pressure, or
a small attenuation of the propagating wave, respectively.
The existence of the transverse voltage is nonintuitive. It is
positive in the electron regime, becomes smaller around the
CNP, and then changes sign in the hole regime. The more
detailed sampling in Fig. 3 illustrates that the IDT power is
the governing force for all carrier regimes.
Prior to discussing the nature of the transverse voltage,

we complement our study with an experiment that truly

marries classical, quantum, and Dirac physics. At large
perpendicular magnetic fields, our device exhibits the
quantum Hall effect, with a Hall plateau in the vicinity
of 6 T for VBG ¼ −20 V [Fig. 1(b)]. We wire our sample
again in the conventional magnetotransport configuration
and impose an alternating current of I ¼ 4 nA. At the same
time, we now also fire the IDTat its fundamental resonance
that will drive an ISAW and acoustically induce transverse
voltage components. Figure 4 shows the total Vxy measured
vs B (black solid line). The blue line shows the Hall voltage
that was measured in the conventional magnetotransport
configuration (without SAW) for comparison. We note that
while I is constant, ISAW will depend on the magnetic field
[21] even for a constant IDT power because the sample
conductivity changes when the density of states condenses
into Landau levels. By carefully adjusting the IDT power at
a constant magnetic field, we are able to completely
compensate the conventional Hall voltage by the acousti-
cally induced transverse voltage component. The IDT
power that is needed to fully compensate the Hall voltage
is not perfectly symmetric for −B and þB as shown in
Fig. 4(b) for six exemplary fields. We suppose this to be
arising from sample inhomogeneities and the details of the
local charge accumulation.
The buildup of a conventional Hall potential is the trivial

consequence of the Lorentz force acting on charged
carriers. Here, however, we could observe giant quasi-
Hall voltages in the absence of an external magnetic field.
Below we discuss an intriguing explanation based on gauge
fields that arise from the mechanical deformation of the
graphene by the SAW.
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FIG. 2. Acoustically induced voltages as a function of power on
the IDT. All measurements are carried out at B ¼ 0 T using the
“acoustic transport” configuration of Fig. 1(a). Black always
represents longitudinal voltages and blue transverse voltages.
Closed circles were measured with the fundamental resonance
and open circles with the first harmonic of the IDT. From top to
bottom are measurements in the electron regime (a), at CNP (b),
and in the hole regime (c) of the MLG. Data were obtained
at 4.2 K.

FIG. 3. Acoustically induced voltages measured for different
gate voltages and IDT powers. All measurements are performed
without external magnetic field at 4.2 Kelvin. (a),(b) Longitudinal
voltage for the fundamental and first resonance. (c),(d) Trans-
verse voltage for the fundamental and first resonance. In all plots,
the dashed line marks VCNP.
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Early during the advent of graphene, it was realized that
one of many remarkable consequences of its low-energy
Dirac description is the emergence of synthetic gauge fields
under lattice deformation [26–28]. Like regular gauge
fields that lead to a magnetic flux, synthetic gauge fields
affect the carrier dynamics through an effective pseudo-
magnetic field B ¼ ∇ × A, with A being the vector poten-
tial resulting from a distortion of the graphene lattice [29].
Theoretical and experimental work have shown that pseu-
domagnetic fields can easily exceed tens or even hundreds
of Tesla on a nano and micrometer scale by strong local
deformation [30–33].
Here, we do not rely on sophisticated nanostructuring.

However, the transverse voltage component can be linked
to the deformation of the graphene by the SAW and a
resulting gauge field [34]. We test this hypothesis by
considering a defect-free lattice with the crystallographic
axes x0 and y0 and a SAW propagation along x, as shown in
Fig. 5. The SAW, a piezoelectric surface wave in the
LiNbO3 substrate traveling with υS, is accompanied by pro-
pagating piezoelectric fields φðx;z¼ 0Þ ¼ φ0 cosðkx−ωtÞ

and a mechanical deformation of the medium that couples
or transfers to the graphene layer on its surface at z ¼ 0. We
are interested in the shear component of the mechanical
deformation, uyðx; z ¼ 0Þ ¼ u0 cosðkx − ωtÞ, associated
with the Bleustein-Gulyaev (BG) SAW. The time depend-
ence of the SAW-induced gauge field has two important
consequences: First, in addition to the pseudomagnetic
field, there is also the pseudoelectric field, Ep ¼ −∂tA.
Both pseudo fields have opposite signs in nonequivalent
valleys K and −K of graphene. Second, all the first-order
effects associated with the pseudo fields vanish after the
time averaging. However, the second-order effects, such as
the appearance of the Hall-like field, survive.
We have derived the corresponding synthetic gauge

potential in the Supplemental Material [23]. Here, we will
only show the components of the resulting pseudoelectric
field, Ep, and pseudomagnetic fields, Bp, in graphene:

Ep ¼ AðtÞω

0
B@

sinð3θÞ
cosð3θÞ

0

1
CA; Bp ¼ AðtÞk

0
B@

0

0

cosð3θÞ

1
CA; ð1Þ

with AðtÞ ¼ ðβΔ=eυFÞðku0Þ cosðkx − ωtÞ being a time-
dependent prefactor. Here, Δ is the hopping amplitude
for electrons in the lattice and β the Gruneisen parameter
for acoustic phonons.
The product of nonzero components (second-order

effect) enables a Lorentz-like transverse force of the form
Fy ∝ hEp

xB
p
z i, where h…i indicates time averaging. The

real piezoelectric field that propagates in the LiNbO3

substrate does not directly contribute to the force on the
carriers because it does not change sign in the −K valley. Its
product with the pseudomagnetic field vanishes after the
summation over the valleys. The product of the pseudo-
electric field with the real magnetic field is a first-order
effect and also vanishes after time averaging.
We can now provide a semiclassical estimate of the

SAW-induced quasi-Hall voltage on the basis of the
balance of forces, as given by

UH ¼ μhEp
x ðtÞBp

z ðtÞid ¼ μd
4

�
βΔ
eυF

�
2

ðku0Þ2ωk sinð6θÞ:

ð2Þ

With our experimental parameters of mobility μ ¼
0.63 m2 V−1 s−1, an assumed SAW amplitude in the
LiNbO3 at low temperatures [35,36] u0 ¼ 1 × 10−9 m,
our fundamental resonance frequency ω ¼ 2πf0 ¼
11.7 × 109 s−1, the sample width of d ¼ 50 × 10−6 m,
the Gruneisen parameter [33] β ≈ 2.5, the pseudovector
potential parameter [33] ðΔ=eυFÞ ¼ 2.5 × 10−6 m · T, and
the wave vector k ¼ 3 × 106 m−1, we obtain for arbitrary
orientations

FIG. 4. (a) Ordinary Hall voltage due to a conventional I¼4 nA
(upper inset and blue solid line) and transverse voltage measured
for a superposition of I and ISAW due to P ¼ 0.22 mW (lower
inset and black solid line). The dotted gray line indicates Vxy ¼ 0.
(b) Transverse voltage measured for a superposition of I and ISAW
at six different B and for varying P. At� 6 T, P ¼ 0.2–0.25 mW
is required to fully compensate Vxy to zero. Increasing P further
will again result in a finite net Vxy. Data were obtained at 4.2 K
with VBG ¼ −20 V and for an ISAW generated at f0.

FIG. 5. The piezoelectric potential φðx; z ¼ 0Þ in the substrate
in contact with the deformed graphene. The direction of propa-
gation is xkk with an arbitrary angle θ with respect to the crystal
axes x0 and y0.
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UH ≈ 97 μV · sinð6θÞ: ð3Þ

Our model, based on a balanced (static) force in a perfect
crystal, predicts strain-induced synthetic Hall voltages in
graphene of the same order that we observed. Below we
discuss potential perturbative or spurious parasitic effects in
realistic samples that are not captured by this model but
which may add to Vxy. A full theoretical analysis of the
transverse carrier dynamics still needs to be developed.
The measured transverse potential represents a local

cross section through the width of our CVD graphene Hall
bar and encompasses around 3 or 4 grains [37], which is
beneficial. Having only a single grain with θ inadvertently
close to 0, 30°,... would suppress UH. The measured Vxy

thus represents an average. A complete averaging out to
zero, however, would only be possible in the limit of a very
high number of grains. Any departure from flatness
introduced in the fabrication process also leads to inho-
mogeneous gauge field contributions [27].
We attribute nonlinearities in VxyðPÞ around the CNP to

the coexistence and fluctuations of electron-hole puddles.
These density inhomogeneities smear out and broaden
the CNP [see Supplemental Material [23], Fig. S1(a)].
Additional small contributions may arise from spurious
reflected attenuated acoustic waves that have bounced off
from the edges or the bottom of the substrate. Also, the
coupling between substrate and graphene may vary locally.
Contributions from skew scattering will exist but should

be insignificantly small. The mean free path is small com-
pared to the sample width. In contrast to the net deflection
by a Lorentz force, skew scattering will occur randomly on
defects that cannot result in a large charge accumulation.
Despite all these possible spurious contributions, the

strong deformation by the SAW appears to dominate and
we consistently observe strong acoustic voltages in phase to
the currents and only at the IDT resonances. We reproduced
these findings on a second sample with different design
parameters (data provided in the Supplemental Material
[23]) so that the most probable scenario for the observation
of synthetic Hall potentials under a SAW is the emergence
of gauge fields.
Our study demonstrates that the propagation of a surface

acoustic wave in a highly piezoelectric substrate induces
large longitudinal and synthetic Hall potentials in a
graphene layer that conforms to its surface. The magnitude
and sign of the acoustic voltages can be controlled by the
carrier concentration and carrier type in the graphene as
well as the intensity of the SAW in the supporting substrate.
The emergence of the synthetic Hall potential is consistent
with gauge fields, induced by the mechanical deformation
of the propagating SAW. The observed gauge fields are
extremely strong, empowering us to acoustically compen-
sate the conventional Hall voltage that builds up under
strong magnetic fields. The high accessibility of these
experiments may highlight a new arena for easy and

effective control of gauge fields in graphene in fundamental
research and applied sciences.
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