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We report on the novel valley acoustoelectric effect, which can arise in a 2D material, like a transition
metal dichalcogenide monolayer, residing on a piezoelectric substrate. The essence of this effect lies in the
emergence of a drag electric current (and a spin current) due to a propagating surface acoustic wave. This
current consists of three contributions, one independent of the valley index and proportional to the acoustic
wave vector, the other arising due to the trigonal warping of the electron dispersion, and the third one is due
to the Berry phase, which Bloch electrons acquire traveling along the crystal. As a result, there appear
components of the current orthogonal to the acoustic wave vector. Further, we build an angular pattern,
encompassing nontrivial topological properties of the acoustoelectric current, and suggest a way to run and
measure the conventional diffusive, warping, and acoustoelectric valley Hall currents independently. We
develop a theory, which opens a way to manipulate valley transport by acoustic methods, expanding the
applicability of valleytronic effects on acoustoelectronic devices.
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Two-dimensional materials (2D materials), such as
transition metal dichalcogenides (TMD) [1–3], possess
symmetry properties similar to graphene [4]. Their primary
feature is that the valleys K and K0 in the Brillouin zone
connect by time-reversal symmetry. Consequently, the
chiralities of the K and K0 bands turn out opposite, and
in addition to conventional momentum and spin of the two-
dimensional electron gas (2DEG), 2D materials acquire an
additional valley index degree of freedom. Moreover, their
spectra manifest large gaps in the optical range [5],
epitomizing various valley-resolved phenomena [6,7].
Exposed to external strong electromagnetic fields result-

ing in a dynamical gap opening [8–11], 2D materials can
exhibit such fascinating phenomena as dissipationless
transport of 2DEG [12] and the photon drag effect
[13–16]. Moreover, stemming from the essential spatial
inversion symmetry breaking, there might occur transport
phenomena described by a third-order conductivity tensor
[14,17], finite in noncentrosymmetric materials. For
example, in the photovoltaic effect [18], the conductivity
tensor χ couples components of the photoinduced current
jα with the components of the external electric field
Eβ: jα ¼ χαβγEβEγ, where α; β; γ ¼ x, y, z.
The conventional photovoltaic effect originates from an

asymmetry of the interaction potential or the Bloch wave
function [19]. In 2D materials, there can also appear an
unconventional mechanism of this effect, which is due to
the trigonal warping of the valley spectrum, resulting in the
asymmetry of the interband optical transitions [20]. In
addition to the valley and spin currents [21–23], trigonal
warping also manifests itself in the second-harmonic

generation phenomena [24], spin-resolved measurements
of the photoluminescence from the sample, and alignment
of the photoexcited carriers in gapless materials [25].
Only a few phenomena distinguish Bloch electrons from

free charges, and one of them is the Berry effect, which, in
particular, influences the carriers of charge subject to a
mechanical force eE, where E is an external electric field
and e is the elementary charge. It happens since the group
velocity of a Bloch electron acquires an additional anoma-
lous term eE ×Ωk, where k is the momentum of the
particle and Ωk is the Berry curvature [2,26]. In the
framework of the linear response theory, the matrix of
the velocity operator acquires nonzero off-diagonal linear
in field elements, thus mixing different bands.
The concept of the Berry phase [27] underlies and unifies

diverse aspects of solid-state physics, drastically affecting
the transport of particles and resulting in such intriguing
phenomena as the anomalous [28] and quantum [29] Hall
effects, emergence of topological and superconducting
phases [30], charge pumping [31], and anomalous thermo-
electric transport [32], among other [33]. By and large,
electrons in a crystal behave similarly to free particles with
just the free-electron mass replaced by an effective one due
to the formation of energy bands. A nontrivial Berry phase
also reveals itself in Dirac materials like graphene [34],
and very recently it has come into play in other two-
dimensional materials [35], possessing similar symmetry
properties.
Instead of light, surface acoustic waves (SAWs) can be

employed to probe or alter the physical properties of
electron (and other) gases in low-dimensional systems
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[36,37]. It is relatively simple to launch SAWs in piezo-
electric heterostructures. That is why SAWs are frequently
used in engineering and scientific applications, forming the
basis of acoustoelectronics. The appearance of new 2D
materials stimulates the studies of SAWs, interacting with
electrons in graphene monolayers [38,39], surfaces of
topological insulators [40], and thin films [41]. Recently,
there have been suggested SAW spectroscopy methods to
study 2D dipolar exciton gases in normal and Bose-
condensed phases [42,43], including the acoustic drag
effect [44]. Experimentally, one can either (i) measure
the absorption of sound by a 2DEG, (ii) observe renorm-
alization of the SAW velocity in heterostructures exposed
to strong magnetic fields [45] due to their interaction with
the carriers of charge, or (iii) study the acoustoelectric (AE)
effect. The latter consists in the emergence of stationary
electric currents when a SAW drags the carriers of charge
via the momentum transfer to the 2DEG [46].
In this Letter, we demonstrate that in multivalley 2D

materials, there takes place an unconventional AE effect
and an AE valley Hall effect (AVHE). We consider a TMD
monolayer, taking MoS2 as an example, and show that the
trigonal valley warping gives an additional component of
the AE current with peculiar properties, characteristic of 2D
materials (we will call this component the warping current).
Furthermore, the Berry effect gives an unconventional
acoustic drag Hall current. It is known [33] that if a
TMD monolayer is exposed to an in-plane static electric
field, the Berry curvature allows for the appearance of the
valley Hall effect, when the current flows in the direction
transverse to the static in-plane electric field. If we take an
ac instead of the static field, the stationary valley Hall
current is absent since the time-averaged force acting on
electrons vanishes. However, a nonzero force appears in the
second order with respect to the ac electric field. Here we
consider the case when such a force is due to the piezo-
electric field of the surface acoustic waves, traveling along
the surface of the piezoelectric substrate. We show that the
joint influence of this force and the Berry phase allow for
the AVHE. These currents couple with the piezoelectric
field of an external acoustic wave via the third-order
conductivity tensor, as in the photovoltaic effect mentioned
above, forming various fascinating propagation patterns.

Moreover, the SAWs aspire to separate particles with
opposite spins, resulting in a spin current.
Let us consider a layer of MoS2, separated from a

piezoelectric substrate by a dielectric layer (Fig. 1). A
Bleustein-Gulyaev SAW with the wave vector k travels
along the interface and creates a piezoelectric field having
both the out-of-plane and in-plane components. The latter
isEjjk and it acts on the 2DEG. This field drags the carriers
of charge in MoS2, resulting in the AE current. We assume
that the monolayer is n doped. Furthermore, the conduction
band in each of the valleys is split by spin due to the spin-
orbit interaction (SOI), as is shown in Fig. 2(a); the strength
of the SOI for MoS2 is of the order of 3 meV [47].
The group velocity describing the quasiclassical dynam-

ics of a Bloch electron in the absence of an external
magnetic field reads

_r ¼ v − _p ×Ωp; ð1Þ

where v ¼ ∂εp=∂p, εp ¼ p2=2mþ wp is the electron
dispersion in a given valley including its warping
wp ¼ ηCðp3

x − 3pxp2
yÞ, η ¼ �1 is a valley index, C is a

warping strength, and _p ¼ eẼ with e < 0 the electron
charge, and Ẽðr; tÞ ¼ Ẽeikr−iωt=2þ c:c: is the overall
electric field, including the piezoelectric Eðr; tÞ and
induced Eiðr; tÞ contributions. The origin of the induced
electric field Eiðr; tÞ is the fluctuations of the electron
density. The Berry curvature reads Ωp ¼ ∂p × huji∂pjui,
and jui is a periodic amplitude of the Bloch wave function.
To describe the electron transport, we will use the

Boltzmann transport equation [48],

∂f
∂t þ _p ·

∂f
∂pþ _r ·

∂f
∂r ¼ Iffg; ð2Þ

where f is the electron distribution function and Iffg is the
collision integral. For the collision integral we use the
model of a single-τ approximation [49], which does not
depend on energy: Iffg ¼ −ðf − hfiÞ=τ. Here hfi is the
locally equilibrium distribution function in the reference
frame moving with the SAW. It depends on the local
electron density Nðr; tÞ via the chemical potential
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FIG. 1. System schematic. (a) 2D material (MoS2) exposed to a surface acoustic wave (SAW) with the wave vector k. The sample lies
on a layer of dielectric on a piezoelectric substrate. Two interdigital transducers (IDTs) generate and detect the SAWs. (b) The first
Brillouin zone of MoS2 with the schematic illustration of warping.
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μ ¼ μðNÞ. Furthermore, we expand the density in series:
Nðr; tÞ ¼ nþ n1ðr; tÞ þ n2ðr; tÞ þOðn3Þ, where n is the
unperturbed electron density and ni are the corrections to
the density fluctuations. We expect that the AE current
should appear as the second-order response to the external
piezoelectric field. Thus we expand the distribution func-
tion: f ¼ f0 þ f1 þ f2 þOðf3Þ, where f0 ¼ ( expf½εp −
μðnÞ�=Tg þ 1)−1 is the equilibrium electron distribution,
which depends on the electron momentum p only. We
also expand hfi: hfi ¼ f0 þ ðn1 þ n2 þ � � �Þ∂nf0 þ ðn1þ
n2 þ � � �Þ2∂2f0=∂n2=2. The induced electric field obeys the
Maxwell equation, divDi ¼ 4πρ, where Di ¼ ϵðzÞEi, ϵðzÞ
is the dielectric function, and the charge density reads
ρ ¼ e½Nðr; tÞ − n�δðzÞ. The solution is Ei ¼ −4πiekðN−
nÞk;ω=½ðϵþ 1Þk�, where ϵ is the dielectric constant of the
substrate.
Results and discussion.—Let us, first, assume that the

warping and the Berry phase are absent. In this case the
drag of electrons is valley independent. For a SAW
traveling with the momentum k and in the long-wavelength
limit (ωτ;k · vτ ≪ 1), the drift current is negligibly small,
whereas for a degenerate electron gas at zero temperature
(which, in particular, gives ∂μ=∂n ¼ π=m), we find the
diffusive current (see Supplemental Material [50]),

jðDÞ ¼ eτ
2m

kσ
ω

jE0j2
1þ ðkv�=ωþDk2=ωÞ2 ; ð3Þ

where σ ¼ e2nτ=m is a 2D static Drude conductivity with
the dimensionality of velocity, D ¼ v2Fτ=2 is a diffusion
coefficient, vF is the Fermi velocity, v� ¼ 4πσ=ðϵþ 1Þ is
the velocity of charge spreading in 2D systems, and E0 is
the piezoelectric field amplitude. We want to note that
Eq. (3) at Dk2=kv� ≪ 1 coincides with the formula of the
AE current, reported in Ref. [51].
Now we switch the trigonal warping and the Berry phase

on. After derivations [50] we find the components of the

current density. Let us compare the AE diffusive, warping
[22], and Hall currents. They can be written in the uniform
way:

jðDÞ ¼ eσk
2ω

τ

m
n

1þ ðσ=σ�Þ2ð1þ kaÞ2 E
2
0; ð4Þ

jðWÞ ¼ eσmτ
∇nCðnÞ½1þ ðσ=σ�Þ2ðkaÞ2�

1þ ðσ=σ�Þ2ð1þ kaÞ2 E2
0; ð5Þ

jðHÞ ¼ eσk
2ω

½n ×Ω0�
1þ ðσ=σ�Þ2ð1þ kaÞ2 E

2
0; ð6Þ

where we choose the coordinate axes as in Fig. 1, then
n ¼ k=k, CðnÞ ¼ ηCðn3x − 3nxn2yÞ, σ� ¼ ðϵþ 1Þs=4π, and
a ¼ ðϵþ 1Þℏ2=ð4me2Þ. The Berry curvature has an out-of-
plane componentΩ0 ¼ ð0; 0;ℏη=mΔÞ, whereΔ is the band
gap of the TMDmonolayer. Because of the usual smallness
of the warping, we will disregard its contribution to the
static conductivity and the charge spreading, when describ-
ing the screening effect.
From Eqs. (5) and (6) we see that the net valley AE

currents summed over the valley indices η ¼ �1 are zero,
due to the time-reversal symmetry. Hence, it should be
broken to detect the valley currents. One of the possible
ways to do it is to expose the sample to a circularly
polarized light with the frequency close to the band gap
since the optical selection rules in 2D materials depend on
η; see Fig. 2(a). Then one of the valleys will be dominantly
populated. The difference in the particle densities,
δn ¼ nðη ¼ 1Þ − nðη ¼ −1Þ ≠ 0, results in a nonzero net
valley current.
Let us now estimate relative magnitudes of different

contributions to the AE current. For realistic parameters
σ=σ� ≫ 1 and ka ≪ 1, we find

(b)(a)

FIG. 2. (a) The band structures of MoS2 under the optically induced imbalance of the valley populations. Yellow shaded
regions indicate the filled states. The arrows signify the directions of spin in each valley. (b) Relative magnitudes of the AE
warping (dashed blue curve) and valley Hall (solid red curve) components of the current density as functions of the relaxation
time at n ¼ 5 × 1012 cm−2.
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jðDÞ ≈
ðσ�E0Þ2
ens

≈ 20 μA=cm; ð7Þ

where we used the sound velocity s ¼ 3.5 × 105 cm=s for
the LiNbO3 piezoelectric substrate, acoustic wave piezo-
electric potential amplitude φSAW ¼ 50 mV (thus, E0 ¼
kφSAW), and other parameters read n ¼ 5 × 1012 cm−2,
τ ¼ 2 × 10−13 s, ω ¼ 1010 s−1.
The AVHE contribution stemming from the Berry phase

effect relates to the diffusive current as

jðHÞ=jðDÞ ¼ δn
n

ℏ
τΔ

; ð8Þ

whereas for the warping current,

jðWÞ=jðDÞ ¼ δn
n

�
Cems2

ℏ3

�
½1þ ðσ=σ�Þ2ðkaÞ2�: ð9Þ

Now taking Ce ¼ −3.49 eVÅ3 and m ¼ 0.44m0 (for
MoS2), δn=n ¼ 0.1, we find the estimations jðHÞ ∼
4 nA=cm and jðWÞ ∼ 3 nA=cm.
Note that the warping and Hall currents depend differ-

ently on the relaxation time [see Fig. 2(b)]. The τ
dependence of the warping current Eq. (9) is determined

by the σ2 term, whereas the Hall current Eq. (8) grows with
the decrease of τ. However, the system imposes the lower
boundary of τ dictated by the condition EFτ=ℏ ≫ 1, which
implies τ ≈ 0.2 ps at n ¼ 5 × 1012 cm−2. The upper boun-
dary is determined by the applicability of the diffu-
sive limit.
The AE Hall and warping currents might have compa-

rable magnitudes in some parameter range, but they possess
different topological properties. Indeed, the current den-

sities Eqs. (4)–(6) have the forms jðDÞ ¼ jðDÞ
0 ðcosφ; sinφÞ,

jðWÞ¼jðWÞ
0 ðcos2φ;−sin2φÞ, and jðHÞ¼jðHÞ

0 ðsinφ;−cosφÞ,
respectively (see Fig. 3). The magnitudes of both the
diffusive and Hall current densities are proportional to
the SAW wave vector. Thus they behave like the cosine or
sine of the angle, describing the direction of propagation of
the SAW. In the meantime, the warping-related current
originates from the warping of the electron dispersion in the
valleys, which behaves as cos 3φ due to the C3h symmetry
group. Furthermore, the electron velocity, being the deriva-
tive of the energy with respect to the electron momentum,
gives the cos 2φ and sin 2φ behavior of the warping-related
current density.

(a) (b) (c)

(f)(e)(d)

FIG. 3. Angular patterns of the x and y components of the diffusive (a),(d), warping (b),(e), and Hall (c),(f) current density in arbitrary
units. The warping and Hall current petals are depicted smaller than the conventional diffusive current petal to show that their
magnitudes are smaller. Yellow shading marks the areas of negative current (directed opposite to the x or y axis). Red dots indicate the
angles (π=2, 3π=2, 0, and π), at which only the unconventional current flows along the x or y direction.
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Let us consider an acoustic wave propagating along the y
direction, which corresponds to φ ¼ π=2 or φ ¼ 3π=2.
Then the x component of the diffusive current vanishes,
while the x components of the AE Hall and warping
currents are nonzero [see Figs. 3(b) and 3(c)]. If φ ¼ π=2,
the two currents have opposite direction and partially
compensate each other, whereas if φ ¼ 3π=2, the currents
sum up. Obviously, it allows us to distinguish between their
contributions. If the acoustic wave propagates along the x
direction, then ϕ ¼ 0 or ϕ ¼ π and only the y component
of the Hall current is nonzero [see Fig. 3(f)], while the y
components of the diffusive and warping currents vanish.
We want to note that the SOI for the conduction band,

being small in comparison with typical optical frequencies,
is usually disregarded in optically induced transport effects.
We have estimated the relative contributions of the AE
warping and Hall currents and shown that they can have
comparable magnitudes for the electron densities of the
order n ¼ 5 × 1012 cm−2. For such density, the Fermi
energy lies deep in the conduction band, exceeding the
SO splitting energy (for the MoS2 it amounts to 3 meV). In
these conditions the spin current is negligibly small. A
possible way to observe the AE spin effect is to have a p-
doped layer with Fermi energy lying in the valence band
between the SO-split hole subbands with the splitting
∼400 meV for TMD monolayers, which exceeds by orders
the SAW frequencies. Obviously, the theory developed in
this work is directly applicable to the p-doped TMDs. It
should be underlined that spin AE currents might occur
even in the case of equal populations of the valleys (in the
absence of an external illumination). The emergence of the
spin current, together with the electric currents [Eqs. (5)
and (6)], are the quintessence of the valley AE effect.
Conclusions.—We have reported on the valley acousto-

electric effect and the valley acoustoelectric Hall effect in
noncentrosymmetric materials exposed to surface acoustic
waves. We calculated the electric current densities and
compared their magnitudes and directions of propagation
with the conventional diffusive current, suggesting a way to
design topologically diverse patterns of electric current and
the spin current.
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