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ABSTRACT

Two-dimensional graphene has garnered significant interest owing to its unique quantum
behaviors stemming from a linear energy dispersion relation, with the acoustic-electric (AE) effect
emerging as a key phenomenon driven by charge carrier dynamics under surface acoustic waves
(SAW). Classical models based on the Boltzmann kinetic equation, effective at elevated
temperatures, fall short in accounting for low-temperature experimental data. This work adopts
the quantum kinetic equation approach to analyze the AE current in monolayer graphene subjected
to combined SAW and electromagnetic waves (EMW). We derive an analytical formula for the AE
current that fully captures the electron-acoustic phonon scattering via the deformation potential
mechanism and elucidates SAW's role. Numerical simulations reveal the AE current's nonlinear
rise with temperature, alongside sharp declines with increasing material sound velocity and EMW
parameters. These trends highlight the potential for precise control of AE current via external
stimuli. By advancing from classical to quantum frameworks, this study offers deeper insights into
the AE effect's fundamentals in two-dimensional graphene.

Keywords: Acoustic-electric effect; Surface acoustic waves; Two-dimensional graphene; Electromagnetic waves;
Quantum kinetic equation; Electron-acoustic phonon scattering.

1. INTRODUCTION

Graphene, a single-layer two-dimensional carbon structure, commands intense research focus
due to its remarkable linear band structure, where charge carriers mimic massless Dirac fermions
[1, 2]. This dispersion yields wavefunctions and spectra distinct from traditional semiconductors,
enabling superior carrier mobility and quantum transport at ambient conditions. Such properties
set graphene's quantum effects apart from conventional 2D electron gases, making electron-
phonon scattering mechanisms, particularly via deformation potential, a cornerstone for both
fundamental understanding and graphene-enabled nanoelectronics and optoelectronics.

A focal point is the acoustic-electric (AE) effect, where surface acoustic waves profoundly
modulate graphene's transport via efficient momentum exchange with carriers, amplified by the
material's high mobility and dispersion traits. Originally observed in 1950s bulk semiconductors,
the primary mechanism for generating the current /4 is the momentum transfer from the surface
acoustic wave (SAW) phonons to the electron system through electron—phonon interaction,
specifically via the deformation potential. Under the influence of SAW, electrons are pushed to one
side in the direction of wave propagation, breaking the symmetry of the Fermi-Dirac distribution
function, thereby creating a potential difference and generating a current. The AE effect through the
deformation potential in propagating acoustic waves has been theoretically and experimentally
explored in low-dimensional platforms such as quantum wells and superlattices [5, 6].

Early AE investigations emphasized external bulk acoustic waves (EAW) in thick
semiconductors (e.g., Si, Ge, GaAs) and quantum structures [5], where EAW engages the full
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material volume for stronger effects compared to SAW's surface-limited deformation potential
interaction. Yet graphene's atomic-scale thinness favors SAW, enabling direct coupling to the lattice
[9-11]. This shift supports graphene-based AE devices for GHz signal processing, sensors, and
switches, leveraging SAW for carrier manipulation [14]. In this study, the EMW is not merely an
external field but acts as a stimulating agent. The EMW alters the energy states of electrons and
increases their transition probability when interacting with phonons. These demand quantum
treatments beyond classical limits, especially under concurrent SAW and intense EMW driving [16].

Classical Boltzmann-based AE studies succeed at high temperatures but falter at low ones,
overlooking quantum features like multi-photon scattering and coherence [6, 9]. Quantum kinetic
equations, by contrast, model these along with field-phase dependencies crucially in graphene's
low-temperature Dirac regime under dual SAW-EMW excitation. This expands theoretical reach
across temperatures and quantifies EMW impacts on scattering. Building on prior classical and
perturbative graphene AE work without external acoustics [9], we introduce a quantum kinetic
framework incorporating SAW and EMW influences, valid broadly. EMW introduces
nonlinearities reshaping deformation potential scattering probabilities, which our calculations
numerically illustrate through AE current dependencies on EMW ftraits.

2. PROBLEM

The acoustic-electric current in two-dimensional graphene

In our model, a monolayer graphene sheet lies flat in the x-y plane, aligning precisely with the
domain of unrestricted electron propagation. Carrier dynamics follow the 2D Weyl equation for
massless Dirac fermions [1]. Consequently, the electron wavefunction and corresponding
eigenenergies take the forms given in Ref [16]:

exp(ipr) ;, n
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exp(ipr) ; n
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Enp = Nhvs|p|
Here, n = £1 labels the conduction (n = +1) and valence (n = —1) bands; £ is the reduced
Planck's constant; v represents the Fermi velocity; p = (px, py) denotes the in-plane momentum
of carriers in the graphene sheet; r = (x, y) is the position vector in 2D space; 6 gives the angle
between p and the propagation direction; and L, = L, = L sets the normalization length along
each system axis.

Electromagnetic wave

Graphene

Figure 1. Schematic representation of the acousto-electric effect
in the presence of an electromagnetic wave.

When an electromagnetic wave propagates along the y-axis, its electric field takes the form E =
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(0, Ey sin(Qt), 0), where E,, and (L represent the intensity and frequency of electromagnetic waves,
respectively. Under these conditions, the Hamiltonian describing the electron-acoustic phonon
interaction in monolayer graphene is expressed in second-quantized form as detailed in Ref [4]:

e 1
H= z €, (pl - %A(t)> a,ﬁjplan,m + Z hwy (b,tbk + E)
k

npL
T T
+ Z Z C(k)an',pl+kl aanL (b_k + bk) (3)
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where al,’p Ly and anp (b,'{r and by,) represent the creation/annihilation operators for electrons

(phonons). The kets |n,p,)and |n',p, + k,) denote the electron's initial and final scattering
states, respectively. The laser's vector potential, modeled as EMW, reads A(t) = éEo cos(Qt),

with ¢ as the speed of light in vacuum. Here, w; and w, signify the frequencies of intrinsic and
external acoustic phonons, respectively. U, ,/(q) is the matrix element of the operator U =
exp(iqr) as follows |Un,nr (q)|2 = %[1 + cos(0)] [13]. Within the deformation potential

framework, C(k) represents the coupling strength for electron-intrinsic acoustic phonon
interactions [10]:

h2vgk
i) = —— 4
DA
2
where Tp, = Zf;%, with E as the deformation potential coupling constant. Similarly, C(q)
characterizes the electron-external acoustic phonon (SAW) interaction strength [13]:
hDZ2.q
C 2 — ac 5
C@I =5 5)

where D, represents the deformation potential coupling constant, while p and vs denote the 2D
graphene mass density and longitudinal sound velocity within the graphene sheet, respectively.

The general quantum kinetic equation for the electron distribution function in two-dimensional
graphene is given by:

. (Jn, :
ih (%ﬁ) = lh([a;rl,planlpl, H])t (6)

Starting from the Hamiltonian in Equations (3) and (6), we perform the necessary operator
manipulations to derive the solution. This yields the quantum kinetic equation governing electrons
in two-dimensional graphene f, ,,. To compute the acoustic-electric current, we first determine
the current density j,5. The quantum AE current j 4, aligned with the external acoustic wavevector
q, takes the form given in Ref [5]:

Jag =€ Z VUp fn,pJ_ 7

npy
where e represents the electron charge. The carrier velocity v, follows from the relation v, =
10gqp

h dp
expression for the AE current as: Substituting the interaction coefficients and converting the
momentum sum to an integral over phase space simplifies the scattering rate expression. Further

as detailed in Ref [5]. Assuming T, remains constant throughout, we derive the explicit
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application of Dirac delta function properties [17] enables energy integration, yielding the
analytical AE current formula:

hv,S 3
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where € characterizes the Fermi energy scale, and Li, (x) represents the polylogarithm function

. 1 .
of order n. The system area is defined as S = L%. N}, = — o with kg as Boltzmann's constant
exp(j) -1
SI 1
and T the system temperature. For external phonons, N, = h(j:::;, where Isaw = - psVE w3 vs. Tg

denoting the momentum relaxation time.

Numerical evaluation of Eq.(8), obtained via quantum kinetic equations, reveals intricate
electron-acoustic phonon scattering dynamics under combined SAW-EMW driving through
deformation potential interactions showing richer dependencies than classical Boltzmann
approaches. The subsequent section presents comprehensive numerical computations across wide
parameter ranges, visualized graphically to elucidate AE current variations with temperature, SAW
frequency, EMW characteristics, and substrate choices.

3. RESULTS AND DISCUSSION

3.1. Input data

In order to elucidate the findings obtained, the present section focuses on the acousto-electric
current. The analysis is carried out with respect to its dependence on the temperature T, the
electromagnetic wave frequency (), as well as the intrinsic parameters of two-dimensional
graphene. For the numerical evaluations, the adopted parameters are [9, 10]: e = 1.60219 X
107%°C,Dye = 9€eV, v, = 21 X 10* m/s, p = 7 X 1077 kg/m?, L = 20 nm, vy = 2 X 106 m/s,
E=6.8eV, 1, =10"1%

3.2. Simulation results and comments

Figure 2(a) illustrates the variation of the acousto-electric current j,5 with temperature T for
different electromagnetic wave intensities via the deformation potential mechanism [18]. The
quantum kinetic model reveals a strong nonlinear rise in I45 with T, featuring the most rapid growth
below 30 K. The study [9] also shows the results of AE current increasing rapidly at low temperatures.

Temperature modulates the AE current through dual channels. Phonon population grows via
Bose-Einstein statistics as Nj = [exp(hiwy/kgT) — 1]7%, boosting electron-phonon scattering
rates and thus momentum transfer efficiency evident in the current prefactors j4g o Ny, Ng (Eq.8),
consistent with prior studies [7]. Additionally, elevated T broadens the electron distribution near
€, Tecruiting more carriers into scattering processes [12].

Figure 2(b) displays how the acousto-electric current with EMW frequency (1 across multiple
temperature conditions through deformation potential coupling. All curves show characteristic decay
with rising Q, featuring sharp drops at low frequencies and saturation plateaus at high frequencies.
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Figure 2. Dependence of the acousto-electric current on
(a) temperature T for different electromagnetic wave intensities and
(b) electromagnetic wave frequency ) at different temperatures.

This dependence originates from the way the electromagnetic wave frequency Q governs the
arguments of the Bessel functions within the quantum kinetic equations. With the field amplitude
held constant, an increase in (1 results in smaller arguments for these functions. This suppresses the
contribution of higher-order terms, leading to a monotonic reduction in the current magnitude.
Physically, the rapid oscillations of the electromagnetic field at high frequencies limit the efficiency
of electron momentum gain. Because the field reverses direction so quickly, the electrons cannot be
effectively accelerated in a single direction, thereby reducing the overall net current [8].
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Figure 3. The Dependence of the acousto-electric current on
(a) sound wave velocity vs for different electromagnetic wave intensities and
(b) temperature T in the presence and absence of electromagnetic waves.

Figure 3(a) illustrates the dependence of the AE current on the sound velocity v reflecting the
mechanical nature of the material. Physically, vgis proportional to the stiffness of the material;
higher values of v, characterize materials with high elasticity and a stable lattice structure [19]. A
lattice with high stiffness will be less sensitive to mechanical deformations caused by acoustic
waves, leading to a reduction in the electron-phonon coupling strength. As a result, even though
the input acoustic energy increases, the efficiency of momentum transfer from phonons to the
electronic system remains limited, causing a decrease in the AE current.

Figure 3(b) illustrates the temperature dependence of the acousto-electric current for the case
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without the EMW (Ey=0 W/m); specifically, curve (A) represents the case considering external
electron—phonon interaction, while curve (B) represents the case neglecting it. In the absence of
the EMW (Ey=0 W/m) and without external electron—phonon interaction, the investigation
conditions are identical to those in Ref [9]. When observing the temperature dependence of the
acousto-electric current, we find a qualitative similarity between the graph currently under

investigation and the results in Ref [9].
4

o
3

w
T

g
13

-
3]
T

Current Density [arb. units]

05

0 0.605 o.lm 0.615 0.02
SAW intensity [W/m]

Figure 4. The effect of SAW intensity on the acousto-electric.

Figure 4 illustrates the influence of the SAW intensity on the acousto-electric effect; it is
observed that as the acoustic wave intensity increases, the current density also increases. When
compared with graph 2 in ref [19], a similar trend was observed.

4. CONCLUSIONS

We present a quantum kinetic theory for the acousto-electric current in monolayer graphene
under combined surface acoustic wave and electromagnetic wave excitation. The derived
analytical expression fully describes electron-acoustic phonon scattering through the deformation
potential mechanism, revealing nonlinear transport characteristics and low-temperature quantum
coherence effects beyond classical Boltzmann transport limitations.

Comprehensive parameter sweeps demonstrate highly flexible control of AE current magnitude
across multiple orders through temperature, phonon frequencies, sound velocity, and EMW
characteristics. These findings establish quantitative design guidelines for graphene-based
acousto-electronic devices, highlighting optimal material selection and multi-parameter tuning
strategies. The formalism extends naturally to other 2D Dirac materials, providing a robust
theoretical foundation for quantum acousto-electric transduction in low-dimensional systems.
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TOM TAT
Dong am dién trong graphene duéi tic dong ciia song dién tir

Graphene hai chiéu di thu hut su quan tam dang ké nho cac hanh vi heong tir déc dao
bt nguon tir quan hé tan sdc nang leong tuyen tinh, trong dé hiéu g dm - dién (AE) noi
lén nhuw mot hién twong then chot duwoc thiic ddy boi dong lwc hoc cua hat tai dién dudi tac
dong cua song am bé mdt (SAW). Cdc mé hinh c¢é dién dwa trén phwong trinh dong hoc
Boltzmann, von hiéu qua 6 nhi¢t do cao, da khong thé gidi thich théa dang cdc dir liéu thiee
nghiém ¢ nhiét do thap. Nghién ciru nay dp dung phuong phap phuong trinh dong hoc lwong
tir dé phan tich dong AE trong Graphene don I0p chiu tac dong két hop ciia SAW va song
dién tir (EMW). Chiing t6i thiét lgp mot cong thirc gidi tich cho dong AE, phan dnh day du
su tan xq electron-phonon dm thong qua co ché thé bién dang va lam sang t6 vai tro cia
SAW. Cac mé phong so cho thay dong AE ting phi tuyén theo nhiét dg, dong thoi giam
manh khi vén toéc am trong vt liéu va cdc tham sé EMW tang lén. Nhitng xu hudng nay
nhdan manh tiém nang diéu khién chinh xdc dong AE théng qua cdc kich thich bén ngodi.
Bang cdch tién trién tir khung Iy thuyét cé dién sang lwong tir, nghién ciru ndy mang lai cdi
nhin sdu sdc hon vé cdc nguyén Iy co ban cia hiéu img AE trong Graphene hai chiéu.

T khoa: Hiéu img am — dién; Song am bé mat; Graphene hai chiéu; Song dién tir; Phuong trinh dong hoc lugng tu;
Tan xa dién tir-phonon am.
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