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1. Model of Graphene

@ The Hamiltonian of graphene
IS given by

H=t Z e = Z cp H(k)ck, 1
(i,5) k

H(k) = Ri(k)o" + Ry(k)o?,

Ri(k) =t Z cosk - 4,

a=1,2,3

RQ(k) = —1{ Z sin k - 5a,

a=1,2,3
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® The Brillouin zone and the
band structure are
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® Expanding the Hamiltonian around valley points K,

the continuum model is
HT(Q) — UF(TQ:L‘O- Qyo-y)v

where 7 = =1 is the valley degree of freedom.
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2. Surface Acoustic Waves

& Surface acoustic waves (SAWSs) [1] are mechanical
waves that propagate on the surface of a piezoelectric
substrate, generating lattice structure deformations.

r—r =r+u(rt),
r+06;, >r +0, =r+u(rt)+ 06 +ulr+d;,t).

® Position change:

@ For materials with a honeycomb lattice structure, the

effect of the SAW works as a pseudo-gauge field that

has opposite signs at the two valley points.
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@ The continuum model of graphene
under a SAW is H(k+A%) 2\

K 0,.0 _/
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3. Symmetries of Physical Quantities

Physical quantity Name P| TI|P
A cgauge field — | = | +

= 88? electric field — |+ | =
B=VxA magnetic field + | — | =
A® pseudo-gauge field + | 4+ | +

5 0A° .

E° = 5 pseudo-electric field | =
B° =V x A® pseudo-magnetic field | — | + | —
Jc charge current — | — | +

Js spin current — | 4+ ] =
Jv valley current + |+ | +
Jq heat current — | — | +
electric polarization | — | + | —

M magnetization + | = | =

4. Nonlinear Responses against SAWs

® We consider the Graphene under a SAW [2]. The
Hamiltonian and the strain field are given by

H_ = vp [T(qw -+ TAi)O'x + (qy + TAZ)Jy] +V,
u = Re (uLQ — iuzé) e Qr—Q) 1

® The net charge current from the linear
response to SAWSs is zero, so we consider
nonlinear responses against SAWs.

& Acoustoelectric Effect:

The acoustoelectric (AE) effect [3] is a second-order
response to the piezoelectric potential associated
with a propagating SAW.

jc?E — Xg,zfn?n(Qv Qv _Q7 _Q)V(Qv Q)V(_Qv _Q)

& Acoustogalvanic Effect:

The acoustogalvanic (AG) effect [4] is a second -
order response to the pseudo-electromagnetic field.

.jclfo — XELQI))C(Qv Q? _Q7 —Q)A?(Q, Q)Ai*(Qv Q)

€ These two nonlinear response currents have been
observed in graphene [5].

Conclusion and Outlook

® We review recent progress on 2D Dirac materials
under SAWSs, with a primary focus on graphene.

® Other materials, such as TMDs and Kitaev Quantum
Spin Liquids, are also promising candidates for study.
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